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PREFACE 


as its title is intended to indicate, the scope of this book 
£ \ is not precisely that of a text-book. Generally speaking, 
the purpose of a text-book, especially in a biological subject, 
is to give a concise summary of the known facts, and per¬ 
haps of established inferences from the facts, but not to 
enter at any length into theoretical discussions, especially 
when the leading investigators of the subject are not yet 
in agreement upon their interpretation. The aim of this 
book is rather different. While attempting to give an 
account of the more important facts of animal cytology, its 
chief purpose is to interest the student in the subject by 
pointing out some of the ways in which cytological investi¬ 
gation is related to the great fundamental problems that lie 
at the root of all biological research. Some minds are 
naturally interested in facts for their own sake, but to 
these a rather specialised study like cytology is hardly 
likely to make a strong appeal, and if, as the writer believes, 
cytological investigation in the widest sense of the word 
offers one of the most hopeful lines of advance in biological 
knowledge, it seems essential that the bearing of cytological 
facts on more general problems should be considered in any 
introductory course on the subject. 

The plan of the book is based on that of the courses of 
lectures given by the writer during some six years at Cam¬ 
bridge. Those courses have naturally varied somewhat from 
year to year; the subject has made very great advances 
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during the period, and the experience of each year has led 
to modifications in the years that followed. But the general 
plan has remained the same, and the writer believes that 
it has proved to be of a kind to attract the interest of stu¬ 
dents not previously familiar with the subject, and that 
therefore a book of the kind might prove to be of value to 
students in other laboratories. 

It is almost inevitable that a book of this kind should 
reflect the special interests and prepossessions of the writer. 
Cytology lies at the base of every biological phenomenon, 
and at least to one engaged in biological research some 
aspects of the subject must appear more interesting and 
important than others. To attempt complete impartiality, 
and to discuss every kind of theoretical application of cyto- 
logical facts with equal thoroughness, would be an impos¬ 
sible task even in a much larger book, and would probably 
lead to a very uninspiring presentation of the subject. 
While trying, therefore, to point out the importance of 
various aspects of cytological study, it is possible that the 
book errs in devoting too much space to those sides of the 
subject in which the writer is chiefly interested, especially 
the cytological basis of hereditary transmission and of sex- 
determination. But even if it may appear to some that the 
treatment is lop-sided in this respect, one good excuse may 
be urged which is not of a personal nature. By far the 
greater part of cytological research during the past fifteen 
years has been devoted, directly or indirectly, to these 
questions, and though in years to come it may seem, quite 
rightly, that cytologists have been far too exclusively occu¬ 
pied with one group of problems, it is hardly possible at 
the present time not to emphasise them, even at the expense 
of others that are in fact of no less importance. If the treat¬ 
ment is lop-sided, it may fairly be said that it reflects the 
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lop-sidedness of recent cytological work, but one of the aims 
of the book is to indicate that many other problems of 
equal interest remain to be investigated. 

In a book of this size it is impossible to mention a large 
part of the facts, and many investigations of the first im¬ 
portance are not referred to. The aim has been rather to 
give representative examples, and the student who wishes 
to pursue the matter further will have little difficulty in 
finding the necessary references in the papers given in the 
bibliography. This list includes few papers not referred to 
in the text, but is intended to be sufficiently representative 
• to enable the student to find the other literature that he 
may need. Although much has been omitted, the attempt 
to state the facts that are mentioned in as small compass as 
possible has necessitated rather serious condensation, and 
the writer is painfully aware that some parts of the book do 
not offer such easy reading as they might have done had he 
allowed himself more space. 

In choosing figures for the illustrations, an attempt has 
been made to employ as far as possible copies of original 
figures, and to make use of diagrams only when they seem 
necessary for a clear comprehension of the subject. Works 
on cytology in the past have seemed to the writer to err in 
the too frequent employment of diagrams, which sometimes 
seem to the novice to bear no very close relation to the 
actual figures that he sees with the microscope, and though 
the methods of reproduction employed have necessitated 
a certain amount of simplification in some cases, it is hoped 
that the use of figures from original papers may to some 
extent avoid this defect. A few of the purely diagrammatic 
figures are new; others are borrowed from well-known books 
and articles. In every case the source of borrowed figures 
is acknowledged, and the reference given in the literature 
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list. Thanks for permission to reproduce figures are especi¬ 
ally due to Prof. T. H. Morgan and Prof. E. B. Wilson of 
Columbia University, to the Editors of The Quarterly 
Journal of Microscopical Science, The Journal of Experi¬ 
mental Zoology, The Journal of Morphology, and the Bio¬ 
logical Bulletin, and, for the loan of original drawings for 
reproduction, to Dr W. E. Agar and Dr C. B. Bridges. 

Cambridge, 

August, 1919. 

PREFACE TO THE SECOND EDITION 

Within a few weeks of the publication of the first edition of 
this book, Leonard Doncaster died. This is, perhaps, not the 
place to comment even briefly upon the loss of an eminent 
biologist and an inspiring teacher. In revising the original 
text for the present edition I have not attempted to modify 
in any way those portions of the book which deal with sub¬ 
jects on which the author was justly regarded as a foremost 
authority. 

It is, however, clear, both from the preface and the text, 
that Prof. Doncaster was anxious not to limit in any way the 
scope of possible cytological enquiry. I have, therefore, 
modified to some extent certain paragraphs dealing with 
those experimental subjects with which I am to a certain 
extent familiar. It was due to Prof. Doncaster that I was 
led to such enquiries and I feel that although probably mis¬ 
takes have been made, for which I alone am responsible, yet 
an endeavour to incorporate new facts, and to elimina te 
certain conclusions with which these facts are inconsistent, 
is in keeping with the original scheme of the book. 

Cambridge, J* GRAY. 

December, 1922. 
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AN INTRODUCTION TO THE 
STUDY OF CYTOLOGY 


CHAPTER I 

The Cell 

C ytology may be defined as the study of cells; it 
differs from the related science of Histology in dealing 
with cells as units, while histology is concerned with cells in 
larger aggregates, and is rather the study of tissues. A 
serious defect, however, in this definition of cytology is that 
it involves the term “cell,” a word which at once opens up 
a wide field of controversy and misunderstanding. As long 
as it was generally agreed that all organisms are built up of 
cells much as a house is built of bricks, the description of 
the cell as “a unit of living matter” was not open to any 
very grave objection; the cell was to the biologist almost 
what the atom was to the chemist—the smallest portion of 
living matter capable of an independent existence—and the 
word had, in appearance at least, a fairly definite meaning. 
Now, however, when the old idea of discrete and indepen¬ 
dent cells is almost abandoned, and when distinguished 
biologists maintain that one whole group of organisms (the 
Protista) are non-cellular, the word “cell” is beginning to 
lose its definite and precise significance, and to be used 
rather as a convenient descriptive term than as denoting 
a fundamental concept of biology. 

The cell-theory arose, of course, from observation of the 
structure of plants. A section of an ordinary plant shows 
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the tissues composed of chambers with definite walls, and 
these chambers were not inappropriately named cells, and 
the substance of the walls cellulose. Very little investiga¬ 
tion was needed, howfever, to show that the essential feature 
as far as life is concerned was not the walls, which are 
mainly skeletal in function, but the contents, and that each 
cell contained a certain quantity of protoplasm and a 
nucleus. Frequently, of course, there are other structures— 
chloroplasts, vacuole, and so forth—but since the almost 
invariable and therefore presumably essential feature of the 
cell is the presence of protoplasm containing a single nucleus, 
and since these same features are found in animals in the 
absence of cellulose walls, or indeed of definite walls of any 
kind, the meaning of the word “cell,” by a natural transi¬ 
tion, became changed to “a mass of protoplasm containing 
a nucleus.”^Such a definition is certainly better than “a unit 
of living matter” because it involves no theoretical implica¬ 
tion, but it is still far from satisfactory for various reasons. 
In the first place, frequently in the Protozoa, and not very 
rarely in other animals, cells, or at least definite masses 
of protoplasm, exist, which contain two or more nuclei. 
Secondly, bodies that can hardly be denied the name of cells 
may either apparently lack a nucleus and nuclear matter 
altogether, as for example the red blood-corpuscles of Mam¬ 
mals, or may have nuclear matter distributed through them 
without forming a definite nucleus, as in some Protozoa. 
And lastly, histological investigation shows more and more 
clearly that even when cells appear to be sharply defined 
and distinct, there are nevertheless connections between 
them, and that to regard the organism as built up of discrete 
cells which co-operate physiologically but are fundamen¬ 
tally independent is a false conception— almost as false as 
to regard the surface of the sea as made up of a series of 
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independent waves, instead of regarding the waves as a 
partial interference with an underlying continuity. 

The cell theory in its original and crude form regarded an 
organism as composed of a horde of discrete units which 
co-operate for a common purpose and are modified in 
various ways to make that co-operation more effective, 
much as a human community consists of many separate 
individuals, having different occupations and co-operating 
for their common good. According to this idea the individu¬ 
ality of any organism arose from an integration of the in¬ 
dividualities of its separate cells, and is thus a corporate 
individuality such as may exist in a school or a regiment. 
Nowadays, however, opinion tends in the opposite direction 
—to regard the organism as the individual, with a common 
life running through it all, and the cells not as units of 
which it is built up but rather as parts into which it is 
divided in order to provide for the necessary division of 
labour involved in so complex a process as life. The con¬ 
ception of the cell thus remains, but no longer requires or 
is capable of the strict definition that was needed when the 
word was supposed to represent a fundamental biological 
entity. Organisms may be non-cellular if they are not 
divided up into cells; portions of organisms may exist 
which are not strictly cells in the old sense of the word (for 
example Mammalian red blood-corpuscles) and yet have so 
much the character of cells that the term may well be applied 
to them. The word, in fact, may conveniently remain as a 
useful descriptive term, implying as a rule a portion of 
protoplasm containing a nucleus in immediate physiological 
connection with it, but from which either the nucleus or 
perhaps even the surrounding protoplasm may sometimes 
be absent. 

Although the theory of the independence and individu- 
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ality of cells is now being generally, if gradually, abandoned, 
it sometimes tends to reappear in the form that the nucleus 
is the fundamental and all-important entity, and that 
although the cell-protoplasm (“cytoplasm”) of the body is 
more or less continuous, the nuclei constitute distinct and 
independent units, in some way controlling and acting 
through the protoplasm which surrounds them, but all, to 
a large extent at least, unconnected with one another. This 
view has the advantage that it is not at variance with such 
obvious facts as the existence of multinucleate cells, and is 
supported by the usually sharply marked and definite char¬ 
acter of the nucleus, but it does not take into account the 
reciprocal relation that exists between nucleus and cyto¬ 
plasm. It also seems inconsistent with the fact that at times 
the nuclear substance may be more or less distributed 
through the cell, and that in the Protozoa at least a typical 
nucleus may be reconstituted from finely-divided fragments 
of nuclear substance to which by themselves it seems im¬ 
possible to apply the term nucleus. A great part of this 
volume will be devoted to the subject of the nucleus, so it 
will not be necessary here to say more than that this view 
does not seem adequately to meet the objections to the 
cell-theory in its older forms, and that it is probably better 
to regard not only cells but also nuclei as rather parts o'f an 
individual whole than to think of them as units out of 
which that whole has been built up. 

Even if the cell is no longer regarded as a fundamental 
unit in the composition of all living organisms, it is never¬ 
theless a convenient and quite natural conception, for the 
bodies of organisms consist of protoplasm, or its various 
products and modifications, in which are embedded nuclei, 
and each nucleus controls, or is in relation with, a certain 
amount of the surrounding protoplasm. The protoplasm 
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may thus be divided up into masses, sometimes distinct 
and sometimes continuous, each of which is in relation with 
one nucleus, and such a nucleated portion of protoplasm 
constitutes a cell. The word protoplasm is commonly used 
as a general designation for the various substances of which 
both nucleus and cell-body consist, and which together con¬ 
stitute “living matter,” while the cell-body or extra-nuclear 
protoplasm is distinguished as cytoplasm. Probably the 
nuclear substance and certainly the cytoplasm undergo very 
various modifications in different kinds of tissues, and the 
cytoplasm frequently contains inclusions of various sorts 
produced by its own activity, such as the yolk granules in 
an egg, the fat globules in adipose cells, the secretion in 
gland cells, etc. These various inclusions produced by the 
cytoplasm, but not actually part of it, are often designated 
collectively as “deutoplasmic”; the word “metaplastic” 
has also been used. Some cells also contain larger or smaller 
cavities filled with watery fluid, known as vacuoles, which 
play an important part in plant cells and in certain skeletal 
tissues of animals. In a relatively unmodified embryonic 
cell, however, the cytoplasm is a clear, semifluid, colourless 
substance resembling egg-albumen, and it is to this sub¬ 
stance that the word protoplasm in its stricter sense is 
applied. 

Although the protoplasm of an unmodified cell may 
appear homogeneous, it undoubtedly consists of a complex 
mixture, and the question of its structure has given rise to 
much controversy. In the practical study of cytology it is 
generally necessary to examine structures after they have 
been “fixed” and stained, that is to say, after the tissues 
have been killed and coagulated by reagents, and stained 
with dyes in order to differentiate the various parts which 
in the living cell are barely distinguishable from one 
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another. But it must always be remembered that the pro¬ 
cess of fixation, and possibly also the subsequent embedding, 
section-cutting, mounting, and staining, may produce im¬ 
portant artificial modifications in the original structure, or 
even give rise to structure which did not exist in the living 
cell. A comparison of the appearance produced by different 
fixatives, and of the fixed with the living cell, shows that 
in general the coarser and more obvious structures are 
probably in most cases faithfully preserved by suitable 
fixatives, but when one comes to the finer details it is ex¬ 
tremely difficult to be sure that they in any way represent 
the true structure as it existed in life. In the living cell all 
the parts are commonly colourless and transparent, and 
are therefore only distinguishable by differences in refran- 
gibility, and such differences are visible only in the case of 
bodies of a certain size. In the sections of the fixed and 
stained cell many much finer details are easily seen, but in 
interpreting these attention must always be paid to the 
possibility that they have undergone more or less serious 
modification in the process of preservation, or even that they 
are purely artificial. That this danger is not an imaginary one 
is easily realised by comparing preparations of the same 
tissue fixed and stained by different methods, or even by 
noting the variations in different parts of a single prepara¬ 
tion, in cases in which the fixative does not penetrate very 
rapidly, and in which the outer portions may have an ap¬ 
pearance quite different from those at a'greater depth from 
the surface. Even when the various methods used all result 
in what are called “well-fixed” preparations, quite con¬ 
siderable differences may follow the different proceedings, 
and in “ badly-fixed ” tissues the existence of purely artificial 
structures is often perfectly evident. In practice, however, 
the difficulty of determining whether a structure is natural 
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or artificial is usually not very serious in the majority of 
bodies with which we shall have to deal; a comparison of 
the results of various methods of fixation, and, when pos¬ 
sible, of these with the living cell itself, is usually sufficient 
to give at least a clear indication of the truth or falsity of 
the representation seen in the stained preparation. But it 
is important to remember that the preparations studied by 
the cytologist are only representations or pictures of reality, 
and not the reality itself; the real cell consists of viscid, or 
at best semi-solid, substances suspended in a still more 
fluid medium, while in the stained section these substances 
are coagulated and rendered distinct by differential staining, 
and it is hardly possible that this process can take place 
without considerable deformation. Some portions of the 
cell will be contracted and shrivelled, some swollen, and 
some perhaps removed altogether, and careful comparison 
of the results of different methods is needed before a true 
idea can be obtained of the original form. 

Although the examination of the living cell gives good 
ground for the belief that on the whole the methods used 
by cytologists do in fact give authentic pictures of its real 
structure, especially with regard to the nucleus and the 
phenomena of nuclear division and also to the bodies em¬ 
bedded in the cytoplasm, yet when these methods are 
applied to the structure of protoplasm itself the doubt on 
this point becomes a very real one. Until recent years there 
were three main Hypotheses as to the structure of proto- 
plasm.^The first was that of Flemming who regarded proto¬ 
plasm as a relatively solid network or reticulum enclosed in 
a fluid, like a sponge in water. The second, or alveolar, 
hypothesis of Butschli regarded the more solid portion as 
forming a foam which enclosed the fluid in cavities or 
alveoli. In thin sections, of course, an alveolar and a reticu- 
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late structure would give the same appearance, but they 
differ in mass in that the cavities of an alveolar structure are 
not continuous with one another, as they would be in a 
sponge-like or reticulate structure. The third hypothesis, 
was that of Altmann, who regarded the solid portion of 
protoplasm as granules suspended in a fluid as are the 
particles of a suspension of Indian ink in water. Each of 
these three hypotheses is in agreement with the facts, in the 
sense that either reticular, alveolar or granular structure 
may be obtained in fixed preparations of protoplasm, ac¬ 
cording to the material chosen and the fixative employed. 
The doubt naturally arises whether any of the three repre¬ 
sents the real condition as it exists in life, and whether the 
apparent structures seen in fixed material may not be due 
to the process of coagulation under the influence of different 
fixatives. That this is so is shown by the results obtained by 
Hardy (1899) in the study of the action of different fixa¬ 
tives on a variety of colloidal solutions. Hardy found that 
when a solution of a colloidal substance is caused to coagu¬ 
late, the more solid portion separates from the fluid with 
which it had been intimately mixed, and that the form 
taken by the solid depends on the strength of the original 
solution and on the nature both of the colloid substance and 
of the fixative. If the solution is weak, the solid coagulates 
in the form of granules; when it is stronger, it may form 
either a network or a foam-structure according to whether 
the coagulum is soluble or insoluble? For example, a gelatin 
solution coagulated with sublimate forms a soluble coagu¬ 
lum which has an alveolar structure, while albumen treated 
with sublimate, or gelatin with formalin, forms an insoluble 
coagulum which is reticular in structure. Hardy further 
found that if fine particles are suspended in the solution, 
they come to lie at the nodes of the mesh- or foam-work 
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when the solution is coagulated, and that the size of the 
particles determines the fineness or coarseness of the meshes. 
Applying these observations to cell-structures, he suggested 
that the mesh-work commonly found in fixed nuclei is due 
simply to the effects of fixation, and that the size of the 
meshes depends on the fineness of division of the chromatin 
particles in the nucleus. Under some circumstances he was 
able to fix nuclei with no mesh-work at all, but merely with 
granules of chromatin and other substances. As will be seen 
later, it seems possible at least in some conditions of the 
nucleus to see a mesh-work in the living cell, but in general 
Hardy’s experiments seem to indicate that living proto¬ 
plasm has none of the structures that had been ascribed to 
it, and that, apart from the bodies which are almost always 
included in it, it is structureless. It is therefore clear that any 
investigation of the structure of protoplasm must be per¬ 
formed on the living cell, and methods must be employed 
which do not materially affect the stability of colloidal 
equilibrium.^ 

Direct microscopic examination of living protoplasm has, 
in many cases, demonstrated a marked similarity in struc¬ 
ture between protoplasm on the one hand, and colloidal 
solutions on the other. This similarity lies in the fact that 
small particles suspended in a fluid are in constant motion. 
This activity is known as “Brownian movement,” and is 
clearly visible in the particles suspended in the protoplasm 
of many cells. In the cells of Spirogyra the path through 
which the particles move is considerably greater than the 
diameter of the network which becomes visible when the 
cell is fixed by the methods used by Flemming. There is, 
therefore, direct proof that such a network cannot exist in 
the living protoplasm. When a colloidal solution, shewing 
Brownian movement of enclosed particles, is converted into 
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a jelly, the movement ceases, and is resumed as soon as the 
jelly is reconverted into a liquid condition. In living cells, 
it is sometimes found that Brownian movement occasionally 
ceases with other activities of the protoplasm, and is re¬ 
sumed when the cell again becomes active. It may be con¬ 
cluded, therefore, that protoplasm (like certain colloidal 
solutions) is, under certain conditions, capable of conversion 
from a liquid state into that of a jelly and vice versa. 

This conclusion is supported by the evidence obtained by 
the method of micro-dissection. By the use of very fine 
needles, several investigators have detected changes in the 
consistency of protoplasm during the different phases of the 
cell’s activity. It is interesting to note that the nucleus often 
appears to possess the consistency of a firm jelly. 

To the cytologist it is of supreme importance to know 
whether the nuclear structures, which appear to have a dis¬ 
tinct relationship to the transmission of hereditary characters 
are to be regarded simply as the artificial products of fixation 
and staining. In the large majority of cases, the nucleus of 
the living cell shows no evidence of detailed structure, nor 
are the chromosomes visible during the process of nuclear 
division 1 . A definite structure is, however, detected if the 
nuclei are photographed by ultra-violet fight. Under such 
conditions the structure of the nucleus closely conforms to 
that obtained by fixing and staining the cell. Further, such 
structures are found to be those whose existence and shape 
are not dependent on the nature of the fixative or stain 
employed. 

The failure to appreciate the colloidal nature of protoplasm 
is liable to lead cytologists into considerable difficulties. 

1 Strange ways (Proc. Roy. Soc. Vol. 94 B, p. 137,1922) has recently observed 
the chromosomes in living cells. During the early stages of mitosis the chromo* 
some® of certain cells appear to possess the power of active movement; this 
suggests a different conception of the nature of these bodies to that usually 
assumed by cytologists. 
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This is particularly noticeable in the study of protoplasmic 
inclusions. After fixing the cell, it has been the custom to 
analyse the cell constituents by their reaction to different 
stains. “Acid” properties have been ascribed to any sub¬ 
stance capable of combining with a basic dye, and vice versa. 
The staining reaction depends, however, not only on the 
fixatives used, and whether the tissues have previously been 
treated with an acid or alkaline solution, but also on the size 
of the structures or granules themselves. Large granules of 
a substance often have quite different staining properties to 
small granules of exactly the same constitution. 

Just as the process of fixation may bring into being 
structures not present in the living cell, so, in other cases, 
the same process destroys structures originally present. 
Such bodies as the Golgi apparatus, for example, can only 
be demonstrated in preserved material after special methods 
of fixation, although there is little doubt that they are 
actually present during life. 

It is, perhaps, convenient to summarize the present chapter 
before proceeding to a consideration of facts which are 
largely based on the observation of preserved and stained 
material.' Protoplasm may be regarded as a highly complex 
combination of substances in the colloidal state. The struc¬ 
ture shewn by protoplasm after fixation is not a true picture 
of the living cell. It is only when the existence and form of 
an intracellular or intranuclear structure remains independ¬ 
ent of the nature of fixative used, that it is legitimate to 
accept it a real, although invisible, constituent of the living 
cell. The process of differential staining is often a useful 
process in the hands of cytologists, but it is a very unreliable 
indication of the chemical constitution of the smaller ele¬ 
ments in the cell. 

Although our knowledge of the colloidal structure of the 
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living cell is as yet extremely small, it leads inevitably to 
the conclusion that its finer structure is not only ultra- 
microscopic, but also that it is materially altered by any 
process which leads to the death of the cell. In dealing with 
preserved material, therefore, it must constantly be borne 
in mind that the structures which are visible are at best 
the derelict remnant of a piece of delicate machinery. If it 
be desired to investigate the mechanism in its uninjured 
state our attention must be confined to living tissues. 



CHAPTER II 


Cell Organs , The Nucleus, Mitochondria 
and Golgi Apparatus 

I n discussing the cell-theory it was concluded that the 
only satisfactory general description of a cell is “a 
nucleated portion of protoplasm,” and this description or 
definition indicates the important part played by the 
nucleus in the life of the cell. It is not the purpose of this 
book to discuss at all fully the problems of cell-physiology, 
but it may not be out of place to say a few words on the 
function of the nucleus. The nucleus seems to act as the 
centre which controls the metabolic activities of the cell; a 
non-nucleated portion of protoplasm can neither absorb 
nourishment nor secrete. If a ciliated Protozoon is cut in 
two, in such a way that one half contains the nucleus, the 
nucleated portion can regenerate or repair the missing part, 
but the half which lacks any nuclear matter is unable to 
repair the wound. The cilia continue to move for a time, 
so that the power of locomotion remains, and it may engulf 
food, but since the food is not digested and no regeneration 
takes place, it soon dies. Again, it has been shown that the 
nucleus is necessary for the secretion of a cell-wall in the 
plant cell by an ingenious experiment of Townsend. He 
placed root-hairs of Marchantia in hypertonic solution of 
salt so that plasmolysis took place, i.e. owing to the with¬ 
drawal of fluid from the vacuole by osmosis, the protoplasm 
was drawn away from the cell-wall and became aggregated 
into naked masses. Some of these masses were nucleated, 
some were without nuclei but were connected by fine strands 
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of protoplasm to a neighbouring nucleated mass, and some 
were without nuclei and quite separate. The nucleated 
masses, and also those with no nucleus which were connected 
by a strand to a nucleated mass, both after a time secreted 
new cell-walls around themselves, but the non-nucleate 
masses produced no cell-wall and gradually diedr Another 
interesting observation showing the influence of the nucleus 
on the cell-protoplasm was made by Schaudinn. He found 
that in the Foraminifera, when the pseudopodia of two 
individuals of the same species came into contact they fused 
and united with one another if the nuclei of the two animals 
were in the same condition, but when one individual was 
multinucleate and the other in the condition of having only 
one nucleus, or if one was undergoing nuclear division and 
the other in the resting stage, then no fusion of the pseudo¬ 
podia took place. Observations of this kind indicate that 
the nucleus in some way controls the metabolic activities of 
the cell, and it probably also plays an important part in 
determining the various modifications undergone by the 
cells of the different kinds of tissues, though it perhaps has 
not the exclusive r 61 e in this respect which has sometimes 
been ascribed to it. Some account of the evidence with 
regard to the function of the nucleus in the transmission of 
hereditary characters will be given in a later chapter. 

Before passing on to consider the structure of the nucleus, 
it may be appropriate to mention a theory which has played 
a considerable part in cytological investigations—the theory 
•of R. Hertwig that in any species the volume of the nucleus 
bears a fixed ratio to the volume of the cytoplasm dependent 
on it. This theory, known as that of the “karyo-plasmatic 
ratio,” or often by its German name of “Kemplasma- 
relation,” originated from the study of the Protozoa, but 
has received considerable support from observations an 
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AhtrL*. -Young Echinus larvae, after Bo\l RI (1903 a). 

A. Larva reared from nucleated egg-fragment in which the egg nucleus 
united with a sperm nucleus B. Larva reared from non-nucleated egg- 
fragment, from the same parents; the nuclei in B are thus derived from 
the sperm nucleus only, and are half as large and twnce as numerous 
as in A. 

BAozv —Stages of Amitotic division in nuclei of the Malpighian tubules of the 
Stick-Insect Diaphetomera , from Marshall. 
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other animals. That it is not universally valid has now been 
made quite clear, for measurements of the nuclei and cells 
in different parts of one embryo may show easily recognised 
differences in the ratio of nuclear to cytoplasmic volume, 
even before any conspicuous differentiation into tissues has 
appeared 1 . But that some such relation exists in cells 
which are homologous, that is, of similar origin and function, 
is shown by such observations as those of Boveri (1903 a) 
on nuclear and cell size in Sea-urchin embryos. A Sea-urchin 
egg can be made to develop when unfertilised, and when it 
does so its nucleus is only half the size of that in the fertilised 
egg, since the latter is formed by the union of two nuclei, 
derived respectively from the egg and spermatozoon (PI. I, 
A, B). When the cells of young larvae derived from fer¬ 
tilised and unfertilised eggs are compared, it is found that 
in an area of given size there are twice as many cells in a 
larva from an unfertilised egg as there are in a like area in 
a larva from a fertilised egg. That is to say, in larvae from 
unfertilised eggs both cells and nuclei are half as large and 
twice as numerous as they are in those from fertilised eggs, 
with the result that the volume relation between nucleus 
and cytoplasm remains constant although the nuclei are 
twice as large in the one case as in the other. 

Hertwig was led to formulate his law of the karyo-plas- 
matic or nucleo-cytoplasmic ratio from observations on the 
growth and division of Protozoa. In these animals also it 
has been shown that the law is not universally valid, for 
under different conditions of temperature and other en¬ 
vironmental circumstances the ratio may vary, but under 


1 This has been shown especially by Conklin in the endodermic cells of the 
Mollusc Crepidula, in which he finds great differences in the Kernplasma-relation 
indifferent blastomeres, and in the same blastomere at different stages, depending 
largely on the rate of cell division, of which it is an effect rather than a cause. 
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constant conditions there does seem to be a normal ratio for 
each species, and causes which seriously upset the ratio lead 
to the death of the animal. For example, in forms such as. 
Dileptus, in which the nucleus is fragmented, or in Actino- 
sphaerium, in which there are many small nuclei, when the 
organism is subjected to prolonged starvation the cyto¬ 
plasm becomes reduced, but the karyo-plasmatic ratio is 
preserved by the disappearance of some of the nuclei or 
nuclear fragments, and such organisms can survive very 
prolonged starvation. But in Paramoecium , in which there 
is one large nucleus, when the animal is starved the cyto¬ 
plasm shrinks but the nucleus seems unable to undergo a 
corresponding diminution, and in such forms starvation 
rapidly results in death. 

Hertwig regards a disturbance of the normal karyo- 
plasmatic ratio as the immediate cause of cell-division, and 
supposes that the unequal rate of growth of nucleus and 
cytoplasm brings about a condition of “karyo-plasmatic 
strain” leading to cell-division and a consequent restoration 
of the normal ratio. This process has been investigated in 
detail by Popoff (1908-9), who finds that the period of 
strain occurs some time before division, since the ratio im¬ 
mediately before and immediately after division is the same. 
In certain Ciliate Protozoa, for example, after division the 
cytoplasm increases in volume more quickly than the 
nucleus until a condition of strain is produced, after which 
the nucleus increases very rapidly until another division 
occurs. If, before the strained condition is reached, a 
portion of the cytoplasm is cut off, division is delayed until 
the lost portion is restored by further growth; but if the 
condition of strain has been reached before the piece is cut 
off, the necessary stimulus to division has been given, and 
the organism divides in spite of the fact that the excess of 
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cytoplasmic over nuclear volume has been removed. It 
seems, therefore, that although the law of the constant ratio 
between nuclear and cytoplasmic volume is by no means 
universal, this ratio has considerable importance in the life 
of the cell, and is perhaps one of the factors which brings 
about cell-division. 

A typical nucleus consists of a closed membrane enclosing 
a more or less obvious network of threads, the meshes of 
which are occupied by a fluid. Observations such as those 
of Hardy have thrown some doubt on the existence of the 
network in the nucleus of the living cell, but in some cases 
at least a real network has been described as visible in 
living nuclei, and other reasons will be given later for be¬ 
lieving that a true structure exists in life. The network is 
usually described as consisting of a substance called linin, 
which stains with acid stains; while along the strands, and 
especially at the nodes of the meshes, there are more or less 
conspicuous granules of the substance known as chromatin, 
from the fact that it stains more easily and deeply than the 
other constituents of the nucleus (Greek chroma, colour). 
It is from the chromatin that the bodies called chromosomes, 
which play a great part in nuclear division, are formed. With 
regard to the word linin there is a difference of usage among 
different observers. Some use the term for the o xyph il sub¬ 
stance of which the threads of the network seem to be 
chiefly composed, but others maintain that this substance 
really consists of oxyphil granules embedded in a non¬ 
staining ground-work, and that it is to the latter that the 
term linin should properly be applied. Hardy found that it 
was possible to fix nuclei in such a way that no network 
appeared, but merely an assemblage of granules, some of 
which took basic and others acid stains; of these the basiphil 
granules are doubtless chromatin and the oxyphil probably 
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the same as the similarly stained granules to which the term 
linin is sometimes given. 

The nuclear constituent to which the greatest attention 
has been directed is the chromatin, the amount and appear¬ 
ance of which varies greatly according to the condition of 
the nucleus. In the “resting” condition, that is, when the 
nucleus has not yet begun to show any signs of approaching 
division, the chromatin is finely divided, and in fixed pre¬ 
parations scattered in the meshes of the network. Its 
apparent quantity in this condition is often very much less 
than when nuclear division is approaching, and there is 
reason for believing that the granules of chromatin, and 
the oxyphil granules which make up the greater part of the 
“linin” threads, are not very different in chemical constitu¬ 
tion, and that the latter may be converted into chromatin 
as division approaches, thus increasing its amount. The 
behaviour of the nucleus before and during division will be 
considered more fully in the next chapter. 

In addition to the network, with its granules, two other 
constituents are commonly, though not always, present in 
the resting nucleus. These are sometimes spoken of collec¬ 
tively as nucleoli, but are of two distinct kinds, known as 
chromatin nucleoli or karyosomes and true nucleoli or plas- 
mosomes. Most frequently there is only one of each kind, 
but two or more may be present, and either one or both 
may be absent. The karyosome or chromatin nucleolus is a 
mass of chromatin of varying size, usually round or oval 
but sometimes less regular in shape. It appears to serve as 
a reservoir of chromatin from which the chromosomes (see 
below) may draw part at least of their supply when nuclear 
division is approaching. In other cases the chromatin nu¬ 
cleolus represents a single chromosome which remains com¬ 
pact during the “resting” phase of the nucleus while the 



ii] NUCLEOLI; NUCLEAR MEMBRANE 19 

other chromosomes have given rise to the nuclear network, 
as will be explained in a later chapter. The true nucleolus 
or plasmosome differs from a karyosome in staining with 
acid rather than basic dyes, and thus consists of plastin 
rather than chromatin. It is a very conspicuous object in 
some nuclei, for example, in those of most eggs; it usually 
has a regular rounded outline, and may be vacuolated. It 
probably serves as a reservoir of nutritive material, for in 
Protozoa it has been seen to wax and wane according to the 
good or poor nutrition of the animal. When the nucleus 
divides the nucleolus usually breaks up and is absorbed, or 
portions pass irregularly into one or other of the daughter 
cells. Although it is usual to separate karyosomes and plas- 
mosomes rather sharply, on the ground that one consists of 
chromatin and the other of plastin, it nevertheless may 
happen that a nucleolus contains both substances, usually 
in the form of a plasmosome in which are embedded masses 
or globules of chromatin. As nuclear division approaches 
the chromatin may increase in amount, and it seems prob¬ 
able that the plastin of the nucleolus is converted in these 
cases into chromatin, which is then transferred to the 
chromosomes. 

The last chief constituent of the typical nucleus is the 
membrane, about the nature of which there has been con¬ 
siderable divergence of opinion. It is a very definite struc¬ 
ture in the resting stage, and is easily seen both in fixed 
preparations and in the living cell. It usually stains with 
basic stains, but when exceptionally thick it may also have 
an outer oxyphil layer. When the nucleus is about to divide 
the membrane disappears, apparently by a process of solu¬ 
tion, and it appears to be formed again from or by the 
activity of the chromosomes when the daughter nuclei are 
reconstituted, but opinions differ as to how this process 
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takes place. The subject will be further mentioned at a later 
stage. 

Although it is no part of the purpose of this book to deal 
with the problems of cell-chemistry, it may be appropriate 
to devote a short space to the chemical constitution of the 
various parts of the nucleus and of the cell in general. 
Biochemical analyses of various types of cells have shewn 
that the cytoplasm of the cell differs from the nucleus in the 
nature of its protein constituents. The proteins of the cyto¬ 
plasm contain little or no phosphorus ; those of the nucleus, 
on the other hand, invariably contain a relatively large 
amount of this element. 

Practically the whole of the organic phosphorus in the 
nucleus is contained in a relatively simple inorganic acid 
known as nucleic acid, although in the resting stage of the 
nucleus this acid exists as a definite compound with the more 
basic albuminous elements. It is significant to note that 
nucleic acid has a marked affinity for basic stains. Just as 
cytologists regard chromatin as an essential and character¬ 
istic constituent of all nuclei, so do biochemists regard 
nucleic acid. Further, since the properties of chromatin and 
nucleic acid appear to be identical, we may probably con¬ 
clude that chromatin and nucleic acid are identical sub¬ 
stances. If this conclusion is correct then we have a reason¬ 
able explanation of the change in the staining properties of 
the nucleus during the different phases of its activity. 
Wherever nucleic acid exists in the free state, those elements 
of the cell will stain deeply with basic dyes, but when this 
acid combines with some basic constituent of the nucleus* 
a loss in staining properties would result. 

In view of the great theoretical importance which is 
attached to the chromosomes in relation to heredity it is of 
interest to enquire whether there is any biochemical evidence 
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to indicate a high degree of specificity in the nuclear con¬ 
stituents of different animals. It is a remarkable fact that, 
whereas a wealth of cytological facts indicates that the con¬ 
stitution of the chromatin containing portions of the nucleus 
(in other words the chromosomes) must differ very greatly 
in different animals, yet the chemical evidence indicates 
strongly that the nucleic acid of all animal cells is invariably 
the same chemical substance. On the other hand, the basic 
proteins with which the nucleic acid is associated differ 
undoubtedly in different animals. 

It is hardly profitable to speculate on these facts at present, 
but it is well that cytologists should bear in mind the pos¬ 
sibility that although the distribution of chromatin in the 
cell may be a reliable guide to the distribution of other sub¬ 
stances which are highly specific, yet chromatin itself may 
not be directly concerned with such a delicate mechanism 
as the transmission of hereditary characters. 

Since not only nucleic acid and its compounds stain with 
basic stains, but also other organic acids and their com¬ 
pounds, it is not safe to conclude that any basiphil body 
consists of chromatin. In suitably preserved material all 
parts of the cell rich in nucleic acid will take the stain, but 
bodies containing other acids may do so also, so that other 
tests may be necessary before concluding definitely that any 
particular object consists of chromatin. 

Apart from the nucleus, there are certain other structures 
which are so frequently present in cells of the most various 
kinds that they are often regarded as typical cell organs. 
Of these perhaps the most important is the centrosome 
with its associated structures. These are bodies which play 
a preponderant part in the mechanism of cell division, and 
as the next two chapters will be largely devoted to them, 
they need not be considered further here. Reference must 
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be made, however, to two other groups of bodies which are 
now known to be of very general if not universal occurrence 
in cells, and are of a more enigmatical nature. The first of 
these consists of the structures grouped together under the 
general name of mitochondria, known also as chondriosomes, 
or, when rod-shaped, as chondrioconts. These were first 
described in germ cells which are developing into spermato¬ 
zoa, but recent investigation has shown that they are very 
wide-spread, occurring in cells of many kinds, especially in 
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Fig. i. Mitochondria in the spermatogenesis of Blaps, 
after Duesberg (1910). 

a . Spermatogonium with scattered granular mitochondria. 

b . Spermatocyte; mitochondria becoming rod-shaped. 

c. First spermatocyte division, mitochondrial rods becoming drawn 
out around spindle. 

embryos but also in adult animals. Their nature and be¬ 
haviour will be described more fully in the chapter on 
spermatogenesis, but in consequence of the great morpho¬ 
logical and physiological importance that has been ascribed 
to them by some writers, some reference to them is required 
here.'They consist of granules, rods or sometimes vesicles 
which occur usually in a more or less compact group in the 
neighbourhood of the nucleus. The extent to which they 
are developed varies largely not only in cells of different 
kinds, but also in the same cell in different stages of its 
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growth. When the cell divides, the mitochondrial bodies are 
either separated into the two daughter cells, or, according 
to some observers, undergo division so that the parts are 
divided into the two cells. The study of mitochondria is 
less easy than that of the nuclear constituents of the cell 
from the fact that they are injured or destroyed by many 
of the fixatives commonly employed, especially those con¬ 
taining acetic acid, and they also require careful staining 
by special methods. They have been observed, however, 
in the living cell. About their nature and function there 
has been much dispute. Some investigators maintain that 
they are permanent cell organs, and that every mitochon¬ 
drial body arises only from a pre-existing one, and writers 
of this school have supposed that they play a great part in 
the transmission of hereditary characters. Others consider 
that they are comparatively transient structures, coming 
into existence under special metabolic conditions of the cell, 
as for example when it is building up or secreting some 
product of protoplasmic activity such as yolk or skeletal 
spicules, or when the cell is being rapidly metamorphosed 
as in the change of a primitive germ-cell into a spermato¬ 
zoon. In the present state of our knowledge this latter 
opinion seems on the whole the more probable, but the sub¬ 
ject is still very far from being settled. And the fact that 
mitochondria, like the “Golgi bodies,” next to be mentioned, 
have the power of division, and possibly never come into 
existence except from a pre-existing body of the same kind, 
certainly supports the opinion held by some cytologists, 
that they are permanent cell-organs in some ways com¬ 
parable to the plastids (chloroplasts, etc.) of plant cells 1 . 

Another constituent of the cytoplasm which recent work 


1 For a general summary of the facts concerning mitochondria, see Cowdry, 
E. V., PubL Cameg. Jnstit. vol. vm, p. 41, 1918. 
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has shown quite possibly to exist in all cells, and which is 
certainly present in cells of very varied types from animals 
of many groups, is the so-called “internal reticular appara¬ 
tus” of Golgi, often known shortly as the Golgi apparatus. 
This was first observed in nerve-cells, but more recent in¬ 
vestigation has shown that it is so wide-spread that it is 
quite probably a constant cell-constituent. It is, however, 
comparatively little known,* from the fact that it is invisible 
in the fresh cell and stains only by very special methods, 



Fig. 2. Golgi apparatus in epidermal cells, 
after Deinecka. 


a. Golgi network beside the nucleus in cell of horse. 

b. Skin of cat, with Golgi network beside the nuclei 
of resting cells, and broken into small rods around 
the mitotic figure in the large central cell. 


the chief of which is Golgi’s silver impregnation method; it 
may also be made visible by prolonged treatment with 
osmic acid. It consists either of a network or a system of 
rods in the neighbourhood of the nucleus, but associated 
especially with the dense protoplasm known as archoplasm 
which surrounds the centrosome. In epithelial cells the net¬ 
work seems constantly to lie in the side of the cell towards 
the free surface of the epithelium. In nuclear division the 
network becomes broken up into its component rods, and 
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these are distributed between the two daughter cells and 
again become arranged around the centrosomes. In some 
cells the Golgi elements may take the form of granules 
(“dictyosomes”) which are recognisable by their staining 
reactions, and which multiply by division like the mito¬ 
chondrial bodies; and in some eggs in which Golgi granules, 
mitochondrial bodies, and yolk-spherules are mingled to¬ 
gether, they may be centrifuged apart into layers distin¬ 
guishable by their colour, or may even exist in distinct 
regions in the normal egg. About the true nature and func¬ 
tion of the Golgi apparatus hardly anything is known; 
some further reference to it will be made later in connection 
with the development of spermatozoa. 

Finally, a few words must be devoted to the so-called 
(hrom.id.ia observed in certain cells. It has been maintained 
that these are particles or strands of chromatin emitted 
from the nucleus, and their existence gave rise to the hy¬ 
pothesis that the nucleus contains two kinds of chromatin, 
* ( idiochromatin ” concerned especially with reproduction 
and heredity, and “trophochromatin” with metabolism, an 
idea based on the extrusion of “chromidia” from the repro¬ 
ductive nucleus of many Protozoa and the existence of 
separate mega- and micro-nuclei in the Ciliates 1 . The 
chromidial bodies of certain Metazoan cells were thus sup¬ 
posed to be trophochromatin discharged from the nucleus 
in order to perform its metabolic functions in the cytoplasm. 
That bodies which stain like chromatin occur not uncom¬ 
monly in the cytoplasm is undoubted, but their origin from 
the nucleus is by no means certain, and their true nature is 
still obscure. Some of the so-called chromidial bodies are 
also quite probably in reality mitochondrial rather than 
chromatinic in origin. 

< See C. C. Dobell (1909). 



CHAPTER III 


Cell Division 

W e have seen that when a relatively undifferentiated 
cell grows to a certain size it divides, possibly in 
consequence of a disturbance in the normal volume-ratio 
between nucleus and cytoplasm. The division of the cell is 
always preceded by division of the nucleus, and this may 
take place in two ways. By far the commoner method of 
nuclear division is the rather complicated process known as 
karyokinesis, or mitosis , but in many of the Protozoa and 
occasionally in the Metazoa direct or amitotic division of the 
nucleus occurs. It will be convenient to consider amitotic 
division first. 

In a cell which divides amitotically the nucleus elongates, 
becomes constricted in the middle so as to assume a some¬ 
what dumb-bell-shaped form, and then the two halves 
separate and move apart from each other, after which the 
cytoplasm becomes similarly constricted and divides between 
the two nuclei, giving rise to two daughter cells (PI. I). In a 
Protozoon the whole series of events can be watched in the 
living organism, and no doubt can arise with regard to the 
successive stages of the process. A closely similar series of 
stages has frequently been described in sections of the 
tissues of various Metazoa (e.g. the tapeworm, Moniezia 
(Child), various insects, the epididymis of the mouse 
(Jordan)) and there can be no doubt that in some cases, 
and possibly quite frequently, Metazoan cells divide in this 
manner. It is sometimes said that in the higher animals 
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amitotic nuclear division only occurs in cells which are be¬ 
coming rather highly differentiated, and which are losing 
their power of division and approaching a condition of de¬ 
generation, but according to Child and others amitotic 
division may occur in such cells as those of the testis from 
which germ-cells will be produced. It should be mentioned, 
however, that other observers have not always succeeded in 
confirming these observations. And it must always be re¬ 
membered that in tissues satisfactory observations on ami¬ 
totic division are by no means easy to make. The tissue 
must be fixed, sectioned and stained, and the occurrence of 
amitotic division inferred from the series of figures observed. 
In a number of instances there is no reason to doubt the 
correctness of the inference; nuclei in all stages of division 
are found and no other interpretation seems possible. But 
in other cases it is not easy to decide, in interpreting the 
figures, whether what is observed is a process of nuclear 
division or of nuclear fusion, for if, as may happen in certain 
rather abnormal cases, nuclei come together and then fuse 
into one, the series of stages in a fixed preparation may be 
hardly distinguishable from those seen in amitotic division. 
It may also happen that in some tissues badly preserved 
mitotic division figures have the appearance of amitosis. 
Although, therefore, the process is well known in the Pro¬ 
tozoa, and certainly occurs here and there in the Metazoa, 
in the latter animals it has been only insufficiently investi¬ 
gated, and at the present time it is hardly known how fre¬ 
quently it occurs or whether it is to be regarded as normal 
or abnormal. 

In all the higher animals and plants the common and regular 
method of nuclear division is that known as mitotic or karyo- 
kinetic, or sometimes as indirect, division (PI. II). It is a 
complicated process, involving a complete transformation 
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of the nucleus, the disappearance of the nuclear membrane 
and internal network, the aggregation of the chromatin into 
chromosomes , and the division of these into halves from 
which finally two daughter nuclei are reconstituted. The 
first change that appears in the nucleus when division is 
approaching is that the chromatin, instead of being scat¬ 
tered in fine granules over the network, begins to become 
aggregated into larger masses, and at the same time it 
seems to increase in amount, either in some cases by trans¬ 
ference of material from the karyosome, or, possibly, as was 
mentioned above, by the production of fresh chromatin 
from the oxyphil (plastin) granules. The concentration of 
the chromatin may take place in either of two ways; it may 
become aggregated into irregular masses on the nuclear net¬ 
work, often just beneath the membrane, or the network 
may resolve itself into a coiled thread or skein known as a 
spireme , on which the chromatin granules are collected and 
gradually grow into more concentrated masses. In the first 
case after a time it is seen that there is a definite number of 
centres about which the chromatin is being collected; the 
masses become more compact, including all the previously 
scattered granules, and finally take the form of rounded, 
oval or rod-shaped bodies of chromatin known as chromo¬ 
somes.' The number of these is perfectly definite and, with 
certain exceptions to be considered later, is constant, not 
only for every cell in the individual animal, but for the 
whole species. The number differs, however, very greatly 
in different species, ranging from very few (four, six, or 
rarely even only two) up to numbers approaching two 
hundred, but the majority of animals have between twelve 
and fifty. For reasons which will become clear later the 
number of chromosomes is commonly an even oner In the 
second method of concentration, when a skein or spireme is 
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formed, the chromatin becomes aggregated upon the thread 
until it appears either continuous or often divided into 
small masses like a string of beads (“chromomeres”), and 
not rarely these granules may be seen to be double, indicat¬ 
ing the beginning of a longitudinal split along the thread; 
the thread then contracts and thickens and becomes seg¬ 
mented transversely into a series of short pieces, which are 
often loop-shaped. These portions are then chromosomes, 
and their subsequent behaviour is the same as when they 
have arisen separately from their first appearance. The 
two apparently distinct modes by which the chromosomes 
emerge from the nuclear network differ only superficially, 
depending, no doubt, simply on whether the clear separation 
takes place early or later, and even when the spireme 
appears to have the form of a continuous thread it is quite 
probable that the chromosomes are really distinct. In their 
final form chromosomes produced by segmentation of a 
spireme are often, but not always, elongated and loop¬ 
shaped, while those formed by concentration around 
separate centres are usually shorter. 

During the later stages of the formation of the chromo¬ 
somes other important changes have been in progress, 
leading to the formation of the “mitotic spindle” or 
mechanism by which the chromosomes after division are 
separated into the daughter nuclei. During the earlier 
stages of preparation for division a small granule, which 
stains deeply with chromatin stains, appears outside the 
nuclear membrane. This granule is called the centrosome or 
centriole\ about the origin and nature of which there has 
been considerable controversy. The centrosome is at first 


1 There is some confusion in the use of these words, which will be further 
discussed in the next chapter, where the nature of the centrosome and mitotic 
spindle will be considered. 
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single, and may appear as a mere stained granule just 
outside the nucleus, or may be surrounded by a zone of 
protoplasm differing somewhat from the remaining cyto¬ 
plasm of the cell. As the chromosomes are being formed 
inside the nucleus, the centrosome divides; the halves 
separate and travel to opposite poles of the nucleus. Here 
again two somewhat different types of behaviour may be 
found in different cases. Sometimes, as the daughter-centro- 
somes separate, a sheaf of protoplasmic threads is seen 
between them, forming a spindle-shaped structure and con¬ 
verging on the centrosomes at either end, the whole being 
outside the nucleus. In this case, as the centrosomes di¬ 
verge, that part of the nuclear membrane nearest to the 
sheaf or spindle of threads disappears, with the result that 
when the centrosomes have reached points at opposite sides 
or poles of the nucleus, the threads pass completely across 
the nucleus, which is now represented only by a group of 
chromosomes, the membrane having entirely disappeared. 

In the second type the centrosomes pass to opposite poles 
of the nucleus before any dissolution of the nuclear mem¬ 
brane takes place, and in this case no continuous spindle 
of threads is formed until rather later (PI. II, A, B, C). 
When the centrosomes reach the opposite poles, the nuclear 
membrane gradually dissolves, and as it does so a sheaf of 
fibres is formed across it from centrosome to centrosome. 
In this second case, therefore, the spindle-fibres seem to be 
formed at least partially from within the nucleus, while in 
the former they were entirely extra-nuclear in origin. 

At the same time that the spindle-fibres connecting the 
two centrosomes appear, radiating strands or fibres are also 
seen running out as rays from the centrosomes into the sur¬ 
rounding cytoplasm. These rays are often quite similar to 
the spindle fibres except that they taper off and disappear 



Plate 11 



First segmentation division of Sea-urchin egg, from Wilson and Leaming. 
Ay By Cy Prophases $ D, Metaphase; E, early Anaphase; F, late Anaphase, 
chromosomes forming vesicles at the poles; G, Telophase. D and G 
are drawn on a larger scale than the others. 
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in the surrounding protoplasm, instead of being continuous 
from one centrosome to the other; in other cases they are 
thinner and less definite. The centrosome with its system 
of rays is called an aster, and the two asters with the sheaf 
of fibres connecting them are the achromatic or mitotic 
spindle. 

When the nuclear membrane has disappeared, and the 
spindle has been formed, the chromosomes are at first scat¬ 
tered irregularly in its neighbourhood, but they soon move 
to the equatorial or widest region of the spindle, where they 
arrange themselves in a circle across it (PI. II, D ). This 
arrangement is very definite, the chromosomes all being in 
one plane perpendicular to the axis of the spindle or line 
joining the two centrosomes, and at this stage the chromo¬ 
somes are said to form an equatorial plate. The details of 
their arrangement differ according to their number and 
shape, as will be described below. In the equatorial plate 
stage it can sometimes be seen that to each chromosome 
two threads or spindle-fibres have become attached, one 
from each pole of the spindle, while other fibres run 
continuously from pole to pole between the chromosomes, 
and in some animals these fibres are said to be of different 
thickness, those attached to chromosomes being thicker 
and called “mantle fibres” (from their appearance at a 
later stage), while those that run between the chromosomes 
are thinner and called “interzonal fibres.” 

When the chromosomes have arranged themselves across 
the spindle in the equatorial plate, they next split longi¬ 
tudinally into two similar halves, in such a way that a 
spindle-fibre from one pole is attached to one half, and one 
from the other pole to the otherf Very frequently this longi¬ 
tudinal split can be seen at a much earlier stage, especially 
in those nuclei in which a spireme is formed; often before 
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the nuclear membrane disappears the chromosomes show 
clear evidence of a split, but commonly as the chromosomes 
shorten and thicken it becomes obscured, and is not recog¬ 
nisable in the early equatorial plate stage. Now, however, 
the split reappears, and each chromosome becomes accu¬ 
rately divided into two longitudinal halves. The halves 
then separate, and, possibly by the contraction of the 
spindle-fibres attached to them, travel towards the centro- 
somes or poles of the spindle, one half of each chromosome 
going towards each pole (PI. II, E, F). Each daughter group 
of chromosomes thus contains the same number as was 
present in the equatorial plate. As the chromosomes travel 
to the poles, the interzonal spindle-fibres are seen still run¬ 
ning continuously from pole to pole, and as the chromo¬ 
somes approach the poles these interzonal fibres often 
become somewhat thickened in the equatorial region of the 
spindle. When the chromosomes get near the poles of the 
spindle they become crowded together, and often change 
their form; in some cases they become swollen and vacuo¬ 
lated, each looking like a minute nucleus, in others they 
appear to send out branches which begin to interlace with 
others of neighbouring chromosomes. Gradually from this 
crowded mass, by further swelling and coalescence of the 
chromosomes, a nucleus is formed, and at the same time the 
interzonal spindle fibres and the rays of the asters become 
indistinct, and the cytoplasm of the cell begins to divide, 
the line of division running exactly across the plane of the 
equator of the spindle (PI. II, F, G; Text-fig. 4, p. 38). 

Put quite shortly, then, the main stages of mitotic nu¬ 
clear division are as follows: First, the chromatin of the 
nucleus becomes aggregated either in isolated masses or in. 
a spireme, in preparation for the formation of chromosomes, 
and at the same time the centrosome appears, divides into 
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two, and these begin to separate and the beginnings of the 
achromatic spindle and astral rays appear. The next phase 
is the movement of the centrosomes to opposite poles of the 
nucleus, the formation of definite chromosomes, and the 
disappearance of the nuclear membrane with the concurrent 
completion of the spindle and asters. These two stages are 
spoken of as the prophase of mitosis, the first being the 
early, and the second the late prophase. The chromosomes 
then take up their definite position in a circle in a plane 
transverse to the line joining the centrosomes; this is the 
equatorial plate stage. The chromosomes divide, so that 
there is now a circle of double chromosomes in the equa¬ 
torial plate, constituting the metaphase, which seems to last 
for a short time before the halves of the chromosomes begin 
to diverge towards the poles of the spindle. The chromo¬ 
somes then begin to travel along the spindle towards the 
centrosomes, one longitudinal half of each chromosome 
going to each pole; this stage is known as the anaphase. 
Finally, the chromosomes become crowded together at the 
poles and coalesce to form the daughter-nuclei, and the 
cytoplasm of the cell begins to divide across the middle of 
the spindle; this last stage of division is the telophase. 
Since the same process takes place in every division of 
every cell from the fertilised egg onwards (with the excep¬ 
tion of the developing germ-cells and certain abnormal 
divisions, which will be mentioned later) and since in each 
division the chromosomes are accurately halved by a longi¬ 
tudinal split, it follows that every cell of the body contains 
the same number of chromosomes. And since, as will be 
seen later, there is reason to believe that the longitudinal 
splitting divides each chromosome into similar halves, it 
follows also that each cell contains a complement of similar 
chromosomes. ✓ 


c. c. 
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A short general account of the process of cell-division has 
now been given, and it remains to discuss in rather fuller 
detail some points connected with the behaviour of the 
chromosomes. The questions involved in the formation of 
the chromosomes from the scattered chromatin of the rest¬ 
ing nucleus will be considered later; here it will be conveni¬ 
ent to deal with the arrangement of the chromosomes on the 
spindle, and the manner of their division and separation to 
form the two daughter-nuclei. 

When the nuclear membrane has disappeared and the 
chromosomes are fully formed, their shape varies greatly in 
different species of animals, and in some cases there is con¬ 
siderable variety among the chromosomes in any one cell. 
Where there is such diversity, it is often possible to 
recognise individual chromosomes, or rather corresponding 
chromosomes, in each mitotic figure, and to see that the 
same series reappears at every cell-division; and in a hybrid 
between two distinct species the chromosomes derived from 
each parent species may be recognised by their character¬ 
istic form. In general the chromosomes have the form of 
rods of nearly uniform thickness and with rounded ends, 
but they vary in length from rods so short that they are 
practically spheres, to elongated bodies whose length is 
twenty or more times their width. It has been maintained 1 
that the width of all the chromosomes of any one species, 
and even any group, of animals, is constant, and although 
this is almost certainly not true of different kinds of cells, 
it is generally found that all the chromosomes in anyone 
mitotic figure have approximately the same width, but may 
differ in length and in the shapes into which they are bent. 
Short chromosomes are commonly straight, but the larger 
ones are usually bent in the form of a V, of which the two 

1 E.g. by Meek (1912). 
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arms may be equal in length, or one may be shorter than 
the other, giving a hook-shaped form. The characteristic 
shape is best seen in the equatorial plate and early anaphase 
stages; in the prophase the bending is often irregular, and 
at that stage the chromosomes can only be identified by 
their relative lengths. 

When the chromosomes take up their position in the 
equatorial plate, their arrangement depends both on their 




Fig. 3. Examples of equatorial plates showing charac¬ 
teristic arrangement of chromosomes. From Payne 
(1909) and Robertson (1915). Compare also Figs. 

24, 29 and Pis. XVII, XVIII. 

number and on their shapes. Long, rod-shaped chromo¬ 
somes are typically arranged in a radial position, with their 
inner ends converging in the centre of the equatorial plate, 
their outer ends towards the circumference. Chromosomes 
bent into the form of a V have the angle pointing towards 
the centre and the two arms diverging outwards (cf. Fig. 29, 
p. 233). Very short rods and nearly spherical chromosomes 
are commonly arranged in circles, at even distances from one 

3 — 2 
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another; if their number is small there may be one circle, 
with or without a chromosome in the centre; when the 
number is larger there are two or more irregular concentric 
circles. Where the chromosomes of one group differ in size, 
there is no constant arrangement, though it often happens 
that similar groupings recur repeatedly in different equa¬ 
torial plates; for example, if there is one very small chromo¬ 
some it often takes up a central position, while larger ones 
are usually near the circumference, and in some species, 
especially when the number is small, similar (homologous) 
chromosomes tend to lie side by side or near together. It 
has been pointed out that the grouping of the chromosomes 
in the equatorial plate corresponds very nearly with that 
of centres of force which repel one another, such as a series 
of magnets floated on water and all having the same pole 
uppermost. Like the floating magnets, the chromosomes 
are placed at nearly even distances from one another, and 
their arrangement in a single circle, a circle with a central 
group, or a series of concentric circles depends on their 
number. Especially when the chromosomes are short and 
of nearly uniform size, the figures of equatorial plates have 
a remarkable resemblance to those given by physicists of 
the groupings of various numbers of magnets floating in a 
confined space, and this fact may have some bearing on 
the theories concerning the mechanism of nuclear division 
which will be briefly discussed later. 

When the chromosomes begin to divide in the metaphase, 
their behaviour again depends on their shape. In the equa¬ 
torial plate the long axis of each chromosome is perpen¬ 
dicular to the axis of the spindle, but in anaphase the 
chromosome lies lengthways on the spindle, parallel with 
the spindle-fibres. In the case of long, rod-shaped chromo¬ 
somes, when the longitudinal split is completely formed, the 
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inner or central ends of the two halves diverge first, while 
the two half-chromosomes remain in contact at their outer 
ends, and complete separation does not take place until the 
two halves have rotated apart until almost in line with each 
other. The spindle-fibres are attached to the diverging ends, 
and give the appearance of drawing these ends apart by 
their contraction, while the opposite ends of the two half¬ 
chromosomes remain in contact. The halves of V-shaped 
chromosomes separate first at the angle of the V, and the 
tips of the arms are the last portions to separate, so that in 
early anaphase the dividing chromosome has a diamond or 
lozenge shape. The spindle-fibres are attached to V-shaped 
or hook-shaped chromosomes at the point of the bend. 

Very frequently all the chromosomes divide and the 
halves travel to the poles quite simultaneously, so that the 
two “daughter-plates” are very regular; this is so especially 
when the chromosomes are of about uniform size. In other 
figures some chromosomes divide and diverge before the 
others, with the result that in anaphase they are scattered 
rather irregularly over the spindle, some approaching the 
poles before others have left the equatorial region. Some¬ 
times one or more chromosomes constantly divide before or 
after the remainder. These irregularities are most frequent 
in the so-called maturation divisions of the developing 
germ-cells; simultaneous division, with chromosomes very 
evenly disposed in anaphase, is the common condition in 
ordinary “somatic” cells. 

The formation of the daughter-nuclei from the groups of 
chromosomes at the poles of the spindle in the telophase is 
difficult to observe in detail because of the crowding of the 
chromosomes. When, as often happens, the individual 
chromosomes in the late anaphase become vacuolated and 
take the form of small vesicles, the nucleus appears to 
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result from the coalescence of these vesicles, and its mem¬ 
brane to be formed from their outerwalls, much as a number 
of small soap-bubbles may combine to form one large 
bubble. It is more probable, however, that the membrane 
is formed by some interaction between the substance of the 
chromosomes and the surrounding cytoplasm, and is of the 
nature of a precipitate which is re-dissolved when the nucleus 
is again ready to divide. There are reasons, which will be 
considered in a later chapter, for believing that at least the 



Fig. 4. Telophase of second maturation division of 
the pollen of Paris quadrifol'ta , after Bollks Lee 
(1912). The nuclear membrane is already formed 
around the parts of the nuclei away from the 
spindle, imperfect next to the spindle. The chromo¬ 
somes are vacuolated, attached by their ends to 
the nuclear membrane, and connected with one 
another by transverse branches. 

framework of the chromosomes persists in the “resting” 
nucleus, and that they are in fact permanent entities which 
remain from one cell-division to the next. That the mem¬ 
brane is not always formed by the coalescence of vacuolated 
chromosomes is shown by the fact that in the telophase of 
mitosis the compact chromosomes may often be seen within 
a large vesicular nucleus. 

Filially, before passing on to consider the nature of the 
“achromatic spindle,” there are a few points which can 
conveniently be mentioned at this stage. These concern 




in] NUCLEAR DIVISION AND CELL DIVISION 39 

especially the position of the nucleus in the cell, and the 
relation of nuclear division to the division of the cytoplasm 
which normally follows it. 

Since the plane in which the cell divides is perpendicular 
to the axis of the spindle, it follows that the position of the 
spindle determines the plane of cell-division, and the posi¬ 
tion of the spindle in turn depends on that of the nucleus. 
Generally speaking, at least in embryonic cells or those 
which are not highly differentiated, the nucleus occupies a 
position which may be regarded as the centre of gravity of 
the cytoplasm. A spherical cell in which the cytoplasm is 
uniformly distributed has the nucleus at the centre; but if 
there are considerable masses of other substances present, 
for example yolk, and if, as often happens, these are 
arranged in zones so that the greater part of the cytoplasm 
is at one pole and the rest of the cell is largely occupied with 
yolk, then the nucleus lies at the centre of mass of the 
cytoplasm independently of the yolk or other inclusions. 
When a cell of this kind is about to divide, the spindle is 
formed in such a way that its axis lies along that of the 
greatest mass of cytoplasm, with the result that in general 
when the cell-division takes place the cytoplasm is about 
equally divided between the two daughter cells. This 
happens irrespectively of the yolk or other inert substance, 
so that a cell may divide into two very unequal parts, one 
containing little except cytoplasm and the other a similar 
amount of cytoplasm and a large amount of yolk, as regu¬ 
larly takes place in the third cleavage division of a yolk¬ 
laden egg like that of the Frog. The way in which the mass 
of the cytoplasm influences the position of the spindle and 
the consequent plane of cell-division is illustrated by the 
results of compressing yolk-laden eggs with glass plates. If 
the egg, with the cytoplasmic pole uppermost and the yolk 
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below, is compressed between horizontal plates, not only the 
first and second, but also the third segmentation division 
will be in a vertical plane, because the cytoplasm is ex¬ 
tended horizontally by the pressure and the spindles will 
therefore lie horizontally. If, however, the egg is compressed 
vertically by being sucked into a tube of diameter narrower 



Fig. 5. Diagram of eggs segmenting normally and 
compressed in glass tubes. 
a , b. Normal first segmentation division. 
c, d. First division horizontal instead of vertical, in 
consequence of pressure. (After Przibram.) 


than that of the egg, the second segmentation division will 
be in a horizontal plane, instead of the normal vertical one, 
in consequence of the vertical extension of the cytoplasm 
which causes the spindles to be vertical. The very unequal 
cell-division which takes place in the separation of the polar 
bodies from the egg seems to have a different cause, and 
will be considered in a later chapter. 





iii] DIVISION OF CYTOPLASM 41 

The relation of the formation of the division-furrow which 
initiates cytoplasmic division to the position and size of the 
spindle has been stated thus: the speed with which the ap¬ 
pearance of the cytoplasmic division-furrow follows the 
metaphase of the mitosis and the depth to which it extends 
(in meroblastic eggs) are in general proportional to the length 
of the spindle. That is to say, the shorter the spindle, the 
nearer it must be to the surface of the cell if the furrow is to 
be formed in a given time; or if the spindle has a given 
length, the deeper it lies below the surface the longer it will 
take to produce a division-furrow. Herlant ha s shown 
that, other things being equal, the length of the spindle is ( 
greater if there is more nuclear matter, so that indirectly 
the rate at which cytoplasmic division occurs varies with 
the size of the nucleus if the cytoplasmic volume is constant. 

Generally speaking, any bodies included in the cell, apart 
from the nucleus, seem to be distributed purely mechani¬ 
cally with the cytoplasm into the two halves of the cell as it 
divides. A possible exception to this rule is found in the 
mitochondria, to which a short reference has already been 
made, but it will be convenient to postpone any further 
account of them to the chapter on the development of the 
germ-cells. 



CHAPTER IV 


The Centrosomes , Spindle and Asters 

A lthough the behaviour of the chromosomes in 
L nuclear division has especially attracted the attention 
of cytologists, in consequence of the probability that in it 
is to be found the solution of some of the fundamental 
problems of heredity, yet the nature and mechanism of the 
achromatic spindle offers problems hardly less fascinating, 
and perhaps equally far-reaching as regards the nature of 
vital processes. From the short account of nuclear division 
given in the preceding chapter, it will be seen that the pro¬ 
cess consists in the accurate longitudinal division of the 
chromosomes, which are the essential part of the nucleus, 
and the separation of the halves into the two daughter cells. 
The mechanism by which this process is carried out is the 
achromatic spindle with the centrosomes at its poles, and 
although the spindle is such a familiar object, there has 
been, and still is, the utmost diversity of opinion about its 
nature and origin. 

The spindle arises as a sheaf of fibres between the two 
centrosomes formed by the division of the original centro- 
some which appears shortly before the nucleus divides. 
With regard to the origin of the centrosome itself there is 
no complete agreement. When cells are rapidly dividing, 
there is no doubt that the centrosome may persist from one 
cell-generation to the next; the daughter-nucleus after a 
division is formed close to the centrosome at the pole of the 
spindle, this centrosome then divides, a new spindle begins 
to be formed between the halves at right angles to the axis 
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of the old spindle, and a fresh nuclear division commences. 
But, as will be seen shortly, the centrosome frequently 
undergoes considerable changes during the progress of a 
nuclear division, and in these cases it is not certain that 
the centrosome of one nuclear division is identical with that 
of the preceding, though it may be formed from it. The 
opinion, therefore, that the centrosome is a permanent 
cell-organ, as constant as the nucleus, is of very doubtful 
validity, and in cells which are not dividing often no trace 
of such an organ may be found. 

In some cells, however, the centrosome certainly persists 
as a permanent organ, for in certain flagellate cells, such as 
the collar-cells of sponges and the bodies of some of the 
Flagellate Protozoa, the centrosome is the basal granule of 
the flagellum, and the same is true of the mother-cells of 
spermatozoa, in which the axial filament of the “tail'” 
grows out from the centrosome. In many epithelial cells 
also the centrosome can constantly be seen as a single or 
double granule. 

Those who hold that the centrosome is in some sense a 
permanent organ regularly existing in every cell regard it 
as arising originally from the “middle piece” of the sperma¬ 
tozoon which fertilised the egg from which the animal 
originated. There is no doubt that the middle piece of the 
spermatozoon is at least partly formed from the centrosome 
of the cell which gives rise to the spermatozoon, and that 
after fertilisation the centrosomes of the first segmentation 
division of the egg arise either from or in connection with 
the middle piece (see Chapter VIII). But as will be seen 
below there is no certainty that the centrosomes of the first 
division are actually produced by division of the middle 
piece, and it seems equally possible that they originate from 
the egg-cytoplasm in consequence of some chemical change 
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induced by the middle piece of the spermatozoon, or pos¬ 
sibly in some cases by the nuclear substance of its head. 
That the egg-centrosomes do not always have such a source 
is, proved by their presence in the segmentation divisions of 
parthenogenetic eggs (eggs which develop unfertilised)^ Some 
observers have maintained that in this case the centrosomes 
arise from those of the last (maturation) division of the egg- 
nucleus, but others have described the origin of centrosomes 
de novo in non-nucleated fragments of eggs under the influ¬ 
ence of various chemical reagents, and at the present time, 
although the question is by no means completely settled, 
the evidence tends to show that centrosomes can arise 
afresh from the cytoplasm, and that they are temporary 
structures produced by some chemical change concomitant 
with nuclear division, and are not in any true sense invari¬ 
able constituents of the cell. This conclusion is supported 
by the fact that true centrosomes appear to be absent in the 
higher plants, in which the process of mitotic division is 
otherwise similar to that in animals. 

Considerable confusion has been introduced into the 
literature of the subject by the rather different senses in 
which the word centrosome has been used. At an early 
stage, before the spindle is completely formed, the centro¬ 
some usually has the form of a small deeply staining granule 
surrounded by a rather dense mass of protoplasm. Some 
investigators use the word centrosome for the whole 
structure, and give the name centriole for the central granule; 
others call the granule a centrosome, and speak of the 
surrounding mass as the centrosphere (or astrosphere) 1 . It 

1 Strictly, the word astrosphere was originally used for the structure 
surrounding the centrosome, and centrosphere for the whole body—centrosome 
and astrosphere. The older term u attraction-sphere” is equivalent to 
astrosphere. 
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is probably most convenient to use the former terminology 
—to designate the whole structure as a centrosome and to 
use the word centriole for the central granule when it is 
present. Using the words, then, in this sense, it is found 
that the centrosome shows considerable variation in form, 
not only in different species of animals, but also in the 
different stages of one cell-division. Not rarelya centrosome, 
which at first has the form of a small rather dense mass with 
central granule, swells up, as the nuclear division proceeds, 
and becomes greatly enlarged; the granule may become 
vacuolated and disappear, and the whole body take the 
form of a considerable mass of vacuolated protoplasm from 
the edges of which the astral rays and at one point the 
spindle-fibres radiate (cf. PI. II). Then a fresh concentration 
may take place in the centre, and a new granule or centriole 
may appear within it, and if the cell is undergoing repeated 
rapid division this new centriole may divide in the anaphase 
or telophase of one nuclear division in preparation for the 
next division which is to follow it. Sometimes the whole 
organ has a concentric structure, a central granule enclosed 
in dense protoplasm, and outside this a clear space, which 
is in turn surrounded by a more dense zone from which the 
astral rays arise; or some of these rays may originate from 
the central mass and cross the intervening clear space, 
while the remainder radiate from a zone nearer the cir¬ 
cumference. 

From the preceding account it will be seen that both the 
origin of the centrosome and its relation to the asters and 
spindle of the mitotic figure are still somewhat uncertain. 
There can be no doubt that in the first segmentation 
division of many eggs the centrosomes arise in connection 
with the middle piece of the spermatozoon, but that this is 
not the only possible method of origin is proved by the 
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existence of exactly similar centrosomes in eggs which 
develop parthenogenetically. It is usually said that in the 
fertilised egg the middle piece of the spermatozoon becomes 
separated from the “head/’ and that while the head swells 
up to form the male pronucleus the middle piece divides, 
giving rise to the two centrosomes of the mitotic spindle. 
This is certainly the simplest interpretation of the figures 
commonly seen in fertilisation, but detailed observation of 
the process in certain cases suggests that it may not be a 
complete account of the process 1 . In the Axolotl, for ex¬ 
ample, Jenkxnson (1904) found that the middle piece of the 
spermatozoon, after separating from the “head,” swells up 
and becomes a vacuolated mass or sphere, around which an 
aster begins to develop, apparently by means of fluid 
travelling out of the sphere and pushing out elongated 
alveoli in a radiating manner around it (PI. III). As the 
sphere enlarges by becoming more and more vacuolated, 
more distant radiations appear in the surrounding proto¬ 
plasm, which Jenkinson attributes to the attraction of fluid 
from the egg-substance into the swelling sphere. Within the 
sphere a more solid body now appears, which is the definitive 
centrosome; this divides, the two halves separate, and a 
spindle is formed between them, lying between, and to some 
extent including, the egg- and sperm-nuclei, which are now 
of equal size and nearly in contact. The nuclear membranes 
then disappear, the chromosomes come to lie on the spindle, 
and the mitotic figure of the first segmentation division is 
definitely established. In the equatorial plate stage the 
centrosomes then swell and become vacuolated and soon 

1 That the middle piece of the spermatozoon is not completely converted 
into centrosomes is proved by the discovery of Meves that in Echinoids a 
portion of the middle piece remains in the egg-cytoplasm during segmentation 
and din be traced as far as the 32-cell stage (1912, 1914). 





Explanation of Piatt III. 

Stages in the fertilisation of the egg of the Axolotl, after Jknkinson. 
a. The sperm head (becoming vacuolated) and part of the tail. The middle- 
piece has disappeared and is represented l>v vacuolated protoplasm with 
radiating alveoli, on the walls of which are pigment granules. 
h. The sperm head has swollen to form a nucleus. A eentrosome has appeared 
in the centre of the alveolar radiations, and is dividing. 

(*. The daughter-centrosomes have separated to opposite sides of the eon 
jugating egg and sperm nuclei. 

d. First segmentation division. Equatorial plate stage represented on the left, 
early anaphase on the right. On the left, a eentrosphere has been formed 
by reticular degeneration of the inner ravs, and within it a vacuolated cen- 
trosome. Spindle of irregular fibres with pigment on the outer rays. On 
the right, a homogeneous eentrosome has appeared, containing a centriole 
which divides in the late anaphase in preparation for the succeeding nuclear 
division. (Redrawn from Quart. Journ, Micr.Sci. XLVrn. Pis. 30, 32, 33.) 
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merge altogether in the spheres, but in anaphase a new 
small centrosome containing a central granule appears in 
each sphere, and in the telophase the granule or centriole 
divides in preparation for forming the centrosomes of the 
next succeeding division. 

Jenkinson interprets these observations thus. Themiddle 
piece of the spermatozoon dissolves producing a centre of 
high osmotic tension to which water is drawn from the sur¬ 
rounding cytoplasm. This gives rise to the vacuolation and 
outgrowth of radiating alveoli, and the path of the water 
travelling from every side towards this centre causes the 
outer radiations. Then nucleinic acid from the head of the 
spermatozoon (sperm-nucleus) causes a precipitation within 
the vacuolated sphere, and this is the definitive centrosome. 
In the later stages of division a somewhat similar process 
recurs, giving rise in the telophase to the centrosomes 
which will act as poles of the spindle in the next division. 
The bearing of these observations on the formation of the 
spindle itself will be considered later; here it may be 
noticed that the formation of a centrosome by precipitation 
at the centre of a system of rays or alveoli is just what has 
been described as taking place in unfertilised eggs of various 
sorts under the influence of chemical reagents, and if 
Jenkinson’s observations may be accepted as typical, 
they seem to provide a middle way between the two 
divergent views—that centrosomes always arise from 
pre-existing centrosomes, or that they may be formed de 
■novo in the cytoplasm. In corroboration of Jenkinson’s 
interpretation of the origin of the centrosome it should be 
mentioned that according to F. R. Lillie (1919) the 
middle piece of the spermatozoon of Nereis is thrown off 
with the tail and the aster and centrosome arise in con¬ 
nection with the nuclear substance of the head. 



48 CENTROSOMES, SPINDLE AND ASTERS [ch. 

* With regard to the nature and origin of the astral rays 
and spindle-fibres opinions vary no less than in respect of 
the centrosomes. The many hypotheses that have been put 
forward may be classed in three main groups: 

(1) A considerable number of observers maintain that 
the asters and spindle are merely modifications of a reticular 
or alveolar structure existing in the cytoplasm generally— 
that the threads of the reticulum or walls of the alveoli take 
on a radial arrangement around the centrosomes, and that 
where the rays from the two centres meet one another they 
unite and form the spindle. 

(2) Boveri (1888), on fhe contrary, formed the opinion 
that the whole mitotic figure is formed from a special kind 
of protoplasm, named by him archoplasm, which in the 
resting cell exists around the centrosome and from which* 
when nuclear division approaches, the asters and spindle are 
produced. Boveri’s archoplasm hypothesis has been adopted 
in a somewhat modified form by many subsequent writers* 
who maintain that while the fibres of the asters and spindle 
differ in nature from the general protoplasm of the cell, yet 
the whole substance from which the mitotic figure is formed 
is not present in the resting cell as such; they regard the 
fibres as growing out from the neighbourhood of the centro¬ 
some and being formed from the general cytoplasm as they 
grow, much as crystals may grow in a saturated solution. 
In this sense the fibres would be formed by differentiation 
from the cytoplasm, but would not be due to a merely local 
rearrangement of its structure. 

(3) A third group of cytologists believe that the spindle 
and asters are simply the expression of lines of force radi¬ 
ating from the centrosomes, and causing the particles of 
the cytoplasm to arrange themselves in lines or chains as 
iron-filings do under the influence of a magnetic field* 
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Some have maintained that the force in question is actually 
electric; others, for example, Hartog, regard it as a force 
peculiar to the living cell/ 

In the space available only a very brief statement of the 
arguments for and against each of these hypotheses can be 
given. Most of those who accept the view that all proto¬ 
plasm has a reticular or alveolar structure also hold that 
the mitotic spindle consists of a local rearrangement of the 
fibres or alveoli, giving rise to the spindle and astral fibres, 
and this opinion has also been supported by some who do 
not take any decided view on the structure of protoplasm 
in general. For example Jenkinson, in the work on the egg 
of the Axolotl already referred to, concluded that the asters 
and spindle were due to alveoli radiating from centres into 
which fluid was attracted owing to their osmotic condition. 
According to him, the asters in this case consist of radiating 
alveoli surrounded by a zone of finer rays which are due to 
the path of the fluid travelling towards the centres; the 
spindle is formed by the meeting of elongated alveoli from 
the two centres, in such a way that continuous tubes are 
formed from one centre to the other, and the fibres are 
produced by the partial coalescence of neighbouring tubes, 
the walls of which give rise to viscous threads. These 
threads become attached to the chromosomes, and when the 
chromosomes divide, the halves are drawn towards the 
centres or poles of the spindle by the contractility of the 
viscid threads. Many other investigators have given some¬ 
what similar accounts of the origin and mechanism of the 
spindle, differing indeed in detail, but agreeing in the 
essential features that the spindle consists of the same 
substance as the rest of the cytoplasm, and that the fibres 
draw the divided chromosomes towards the poles by their 
own contractility. This is essentially the view associated 
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with the names of Butschli, Flemming, van Beneden, 
Heidenhain, not to mention many more recent workers. 

The second, or archoplasm hypothesis of Boveri, and its 
more recent modifications, are supported by the fact that 
in many cases, especially when the surrounding protoplasm 
has an alveolar structure or contains yolk, the rays from 
the asters can be seen growing from the centres in the walls 
of the alveoli or between the yolk-granules, and are obvi¬ 
ously distinct from the protoplasm in which they lie. They 
appear more dense, stain more deeply, and give the impres¬ 
sion of consisting of a different substance. Moreover, at the 
close of mitosis, when the cell divides, the remains of the 
spindle and asters may contract into a mass which often 
has a somewhat fibrous structure and which persists for 
some time. This mass is often known by its German name 
of Spindelrestkorper , and by some writers as spindle-bridge , 
and is sometimes spoken of as the Nebenkern, but this latter 
is an unfortunate word, since it has been applied to bodies 
of quite distinct nature and origin, and has often been used 
for the “mitochondrial” body which will be described at a 
later stage. The fact, however, that in some cases at least 
not only are the astral rays and spindle-fibres apparently 
■quite distinct from the surrounding protoplasm, but also 
that their remains persist for a considerable period after 
cell-division is completed, is rather strongly in favour of 
the view that they are not mere rearrangements of the 
ordinary cytoplasmic structure, but are composed of a 
somewhat distinct substance. It is possible, of course, that 
the truth is represented by a compromise between these 
two hypotheses—that the asters and spindle-fibres are 
formed by a modification of the general cytoplasm, and 
that the extent of this modification varies in different cases, 
so that in some cells the fibres consist of protoplasm hardly 
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differing from that composing the rest of the cell, while in 
others considerable differentiation takes place, giving rise 
to dense, deeply stained threads which seem to support the 
idea of a special archoplasm. This intermediate view is 
supported by the fact that during the later stages of mitosis, 
when the astral rays and spindle-fibres still persist, the 
centrioles may divide and begin to form new asters around 
them in preparation for the next division, which are quite 
distinct from the persistent rays of the division that is still 
in progress. Such a formation of new rays is not consistent 
with the view that the rays and fibres are mere re-arrange¬ 
ments of a fibrous structure already existing, but at the 
same time it is hard to reconcile with the archoplasm 
hypothesis in its original form, for if all or nearly all of the 
archoplasm were used up in the old system of rays, it is 
difficult to understand from what source the new rays are 
derived. If, however, the rays and fibres are formed as a 
temporary modification of the cytoplasm by the action of 
some force acting in the centrosomes, the difficulty would 
seem to be overcome. 

The two views so far considered agree in regarding the 
spindle and astral rays as consisting of fibres, probably of a 
viscid or semifluid consistency, and in supposing that when 
the spindle is fully formed, its fibres, or at least the outer 
4( mantle-fibres,” are attached to the chromosomes, and 
draw the halves apart towards the two poles by their con¬ 
tractility when the chromosomes divide. The hypothesis of 
Jenkinson is intermediate in some respects between that of 
Boveri, and a second series of hypotheses which may now 
be considered. It has been shewn that Jenkinson regarded 
the development of the asters as due to two centres of 
osmotic activity. The apparent similarity of the complete 
achromatic figure to the distribution of particles in the field 
of bipolar forces has, however, long attracted attention. 

4.—2 
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The early suggestion that the spindle was due to the 
existence within the cell of two unlike magnetic poles was 
shewn to be untenable since the constituents of living cell 
are quite indifferent to magnetic fields. Essentially similar 
theories have been put forward in which the field of force is 
attributed to electricity. There are, however, grave difficulties 
in accepting any of these hypotheses. If the two centro- 
somes are regarded as centres of electrical activity they must 
be of opposite sign, and should tend to attract one another. 
It is obvious that this is not the case. Further, a single aster 
could not be the expression of an electrical field of force; the 
existence of monasters is, however, well established. The 
attempt of Gallardo to overcome the first difficulty on the 
suggestion that the centrosomes were poles of the same sign 
but the chromosomes of opposite sign, is disproved by the 
fact that a complete achromatic spindle can be formed quite 
apart from nuclear elements. In order to meet these diffi¬ 
culties Hartog has postulated a vital force, mitokinetism, 
endowed with the requisite properties. It is difficult to see, 
however, how this suggestion can lead to further experi¬ 
mental enquiry. A more hopeful suggestion has been put 
forward by Lamb. This author points out that the requisite 
type of field can be produced by means of a force which is 
not bipolar. If two bodies are vibrating or oscillating at the 
same rate but in opposite phase, then a field of force is set 
up between them similar to that between the unlike poles of 
a magnet, but the two bodies do not attract each other, they 
repel each other. Further, particles within the field tend to 
move towards the oscillating bodies if they are of higher 
specific gravity than the medium in which they are immersed. 
The dynamical possibilities of this theory appear to be con¬ 
siderable, but there is no evidence at present of any periodic . 
pulsation or vibration in the region of the centrosomes. 
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If the asters are to be regarded as the expression of a field 
of force of sufficient magnitude to induce an orderly arrange¬ 
ment of the organic particles within the field, the cell must 
expend a considerable amount of energy in maintaining such 
a field. One would therefore expect to find that the periodic 
development of an astral figure should be accompanied by 
a periodic liberation of heat and a periodic increase in the 
metabolism of the cell. Such periodicity has not been 
demonstrated, although it is possible that the technique at 
present available is not sufficiently delicate 1 . 

Finally, a short space must be devoted to the division of 
the cytoplasm as distinct from that of the nucleus. In a 
normal cell-division, when the two nuclei are reconstituted 
in the telophase, the cell-body divides in the plane of the 
equator of the spindle, and if the spindle is in the middle 
of the cell, the cell is divided into equal halves. When, 
however, the spindle is excentric, as in the segmentation of 
a yolk-laden egg, or in the more extreme case of the ex¬ 
trusion of the polar bodies, the cell divides unequally. This 
would suggest that cell-division is determined by the posi¬ 
tion of the spindle rather than by the nucleus, and this 
conclusion is supported by centrifuge experiments, in which 
the various substances of the egg may undergo all kinds of 
re-arrangements, while the division plane nevertheless de¬ 
pends on the position of the spindle, or perhaps on that of 
the asters. If, for example, owing to the centrifuging, the 
polar spindle of an egg is greatly elongated, an enormously 
enlarged polar body may result', and in an egg centrifuged 
during segmentation, the visible substances in the cyto¬ 
plasm may be completely rearranged without greatly 

1 For a concise account of some of these hypotheses, and of the physical 
principles of a bipolar held of force as applied to the dividing cell, the reader 
is referred to D’A. W. Thompson's On Growth and Form, pp. 168—190 
(Cambridge 1917}* 
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affecting the nature of the subsequent division, so long as 
the mitotic figure retains its normal position. This fact also 
indicates that the position of the mitotic figure does not 
depend on the arrangement of the visible substances of the 
cell, but rather on an invisible polarity which controls not 
only the orientation of the mitotic figure, but also the 
normal distribution of the various inclusions in the cyto¬ 
plasm. In an earlier chapter it was mentioned that the 
nucleus commonly occupies a position which may be re¬ 
garded as the centre of mass of the cytoplasm apart from 
inclusions^ and that when the cell divides, the cytoplasm 
is typically divided into equal parts, with the result that 
one daughter-cell may be much larger than the other if it 
contains abundant yolk or other inclusions. The centrifuge 
experiments suggest that these results depend not on the 
nucleus but on the position of the mitotic figure; the 
mitotic figure is orientated according to the polarity of the 
cell, and by its position determines that of the daughter- 
nuclei when the cell divides. 

The question then remains what part the mitotic figure 
plays in the division of the cytoplasm. The cytoplasm 
typically divides in the plane of the equator of tjb.e spindle, 
which might suggest that the spindle itself is “the deter¬ 
mining factor. In abnormal eggs of various species, how**, 
ever, “monasters” have been observed; that is to say, 
owing to the failure of the centrosome to divide, only a 
single aster is formed, with no definite spindle. In such a 
case the chromosomes do not split, and are all drawn towards 
the single centre, but nevertheless a cell-division may follow, 
a portion of cytoplasm being separated off at the pole of the 
egg furthest from the centrosome. This production of a 

“cell” with no nucleus or centrosome formed under either’ 

* 

natural or experimental conditions has been described in 
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several instances, and the observations lead to the conclu¬ 
sion that the division of the cytoplasm takes place in the 
plane farthest removed from the influence of the centro- 
somes 1 . Further light has been thrown on this problem by 
the recent work of Chambers. This author has shewn that 
the region of the asters is characterised by a distinct solidifi¬ 
cation of the protoplasm. The asters are formed by a centri¬ 
petal streaming of liquid towards the centrosomes which 
thereby grow at the expense of the more liquid protoplasm. 
As the asters move apart the liquid cytoplasm is aggregated 
round each centre, and a polar furrow eventually develops. 
According to this view the division of the cell is essentially 
due to movement of the semi-solid asters and the polar 
furrow represents the position of equilibrium of the more 
liquid cytoplasm. This theory has several advantages; it 
does not postulate any sudden disturbance of surface layer 
of the cell, and it does not involve any sudden output of 
energy on the part of the cell. 

Numerous authors have, on the other hand, attempted to 
explain cytoplasmic division by postulating regions of differ¬ 
ential surface tension at the poles or at the equator of the 
cell. It must be admitted, however, that experimental proof 
of such regions is at present lacking, and it is difficult to see 
how such a process could take place suddenly in the cell 
without any corresponding disturbance in the rate of meta¬ 
bolism. 

The greater part of the experimental and observational 
evidence thus suggests that cell-division is ultimately 
dependent rather on the mitotic figure, and probably more 

1 That the centrosomes do exert some kind of "influence at a distance* 
is indicated by the fact that in the synapsis (synizesis) stage of developing; 
germ cells (see Chapter V) the spireme is crowded towards the side of the 
nucleus nearest to the centrosome, and Hardy has produced similafr figures in 
resting nuclei by snbjecting them to an electric current (1913). 
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especially in the position of the centrosomes, than on the 
division of the nucleus which normally precedes it. One 
fact, however, is not at first sight quite easy to reconcile 
with this conclusion, which was mentioned in a former 
chapter when the size-relations of nucleus and cytoplasm 
were being considered. In an egg which, in consequence of 



Fig. 6. Tripolar and quadripolar spindles in segmenting Echinoid 
eggs, after Gray (1913). 


abnormal conditions, receives two spermatozoa, each may 
give rise to two centrosomes, so that four centrosomes may 
exist together, and cause the production of a quadripolar 
spindle. The result of this is that the combined egg and 
sperm nuclei divide simultaneously into four. Usually the 
four daughter-nuclei contain unequal numbers of chromo¬ 
somes, and in consequence are' of different sizes, and it is 
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found that the cell divides in such a way that the volume 
of cytoplasm around each nucleus is roughly proportional 
to the volume of the nucleus. In this case, therefore, the 
plane of division seems to depend primarily on the nucleus 
itself, rather than to be determined solely by the achromatic 
figure. It is possible, however, that this may be brought 
into harmony with the conclusion that cytoplasmic division 
is determined by the spindle and asters by means of 
Herlant’s o bservation that the length of the spindle varies - 
with the size of the nucleus. The cells with larger nuclei 
would thus have larger spindles, and the daughter-cells 
would therefore have larger cytoplasmic volumes. 

Whereas the process of cytoplasmic division in animal 
-cells takes place by the formation of an equatorial furrow 
which divides the cell into two component parts by a process 
of gradual constriction, in plants the process is different. 
In all higher plants (gymnosperms and angiosperms) no 
asters appear at the poles of the mitotic spindle. During 
the telophase stage of nuclear division the fibres of the 
spindle begin to fade in the neighbourhood of the daughter 
nuclei and become more obvious at the equator of the 
spindle. By a continuation of this process the equator of 
the cell is occupied by a thin plate of material formed from 
the original fibres of the mitotic spindle. On this plate is 
deposited cellulose and the structure eventually becomes the 
new cell wall. There is thus no segmentation furrow, and 
no apparent lengthening of the long axis of the cell. It is 
interesting to speculate to what extent the absence of these 
two phenomena is to be correlated with the absence of the 
asters themselves. Further, the ultimate fate of the spindle 
fibres suggests that they are concrete structures and not 
produced from undifferentiated cytoplasm by the operation 
of some force located in the centrosomes. 
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The nature of the mitotic spindle and its relationship to 
nuclear and cytoplasmic division remains one of the most 
fascinating and most difficult problems of cytology. At 
present the facts at our disposal are few in number, and 
form perhaps an inadequate basis for any theory which is 
of general application. It seems probable that a wider ap¬ 
plication of the experimental method forms one of the lines 
on which further information is likely to be obtained. 



CHAPTER V 


The Maturation of the Germ-cells: Spermatogenesis 

T h e two preceding chapters have dealt with the phe¬ 
nomena of cell-division in ordinary body cells. In 
these cells the essential feature of nuclear division is the 
accurate halving of the chromosomes, with the result that each 
of the two daughter-nuclei contains the same number as the 
parent nucleus from which they arose, and a corollary from 
this is that every nucleus of the body (except where an 
abnormal division has occurred) contains a similar com¬ 
plement of chromosomes. It is evident, however, that at 
some point a different process must take place, for in almost 
all animals and in the great majority of plants at some 
stage in the life-cycle sexual reproduction occurs. The 
essence of sexual reproduction is the imion of two cells 
derived from different parents, accompanied by the fusion 
of their nuclei, and when conjugation of nuclei occurs it is 
clear that the chromosome number of the zygote (product 
of the union) must be doubled. If, then, the germ-cells of 
the two parents each contained the number of chromosomes 
typical of the species, the number in the zygote would be 
doubled, and, unless there were some provision for halving 
the number, the doubling would recur in every sexually- 
produced generation. 

In all organisms in which sexual reproduction occurs this 
difficulty is avoided by the process known as the reduction 
of the chromosomes, which usually takes place in the cell- 
divisions immediately preceding the production of the con¬ 
jugating cells or gametes , although it may occur (e.g. in 
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some Protozoa and in the higher plants) several or many 
cell-generations earlier. The chromosome reduction is 
brought about by a nuclear division of a peculiar type, of 
which the essential feature is that instead of splitting longi¬ 
tudinally as in a normal division, the chromosomes become 
associated in pairs and then separate entire, one chromosome 
of each pair going to each pole of the spindle. That this is 
the true nature of the process is now generally recognised, 
although there is no universal agreement about the details 
by which it is effected, and until comparatively recently 
there was extreme divergence of opinion with regard to the 
interpretation of the phenomena. Gradually, however, 
agreement as to the fundamental similarity of apparently 
different methods is being reached, and the former acute 
conflict of opinion is being replaced by something approach¬ 
ing unanimity, at least as far as the basal principles are 
concerned. The process of reduction is most easily studied 
in the development of the spermatozoa of animals and of 
the pollen grains of the flowering plants, and as a general 
introduction to it, it will be convenient to give a somewhat 
generalised account of spermatogenesis. 

In the majority of animals both spermatozoa and ova 
are descended from cells which appear rather early in 
development and are known as primitive germ-cells. These 
cells, usually together with a certain amount of other tissue 
which becomes associated with them, give origin to the 
gonads (testes and ovaries), and very frequently they give 
rise not only to the germ-cells themselves but also to 
accessory cells of various sorts. As the gonad becomes 
completely formed, cells derived from the primitive germ- 
cells can be distinguished as those from which the actual 
gametes (spermatozoa or ova) will be produced, and these 
are known in the male as spermatogonia, in the female as 
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oogonia. They divide a number of times by ordinary mitotic 
division, in which it is seen that they have the ordinary or 
somatic number of chromosomes. During these divisions 
there may again be differentiation among the products into 



Fig. 7. Diagrams of spermatogenesis (a) and oogenesis (£), 
after Gregoire. 

Three Spermatogonial and oogonial divisions are represented, 
followed by a growth-phase leading to a primary spermatocyte 
and oocyte. The growth-phase is at first similar in each sex, 
but is followed by a second stage in the female not repre¬ 
sented in the male. The two successive spermatocyte divisions 
correspond with the two polar divisions of the egg. 


cells which will give rise to gametes and others which per¬ 
form some accessory function, such as, for example, the- 
supply of nourishment to the gametes. After a number of di¬ 
visions, which in some animals is definitely fixed and in others 
probably variable, the' spermatogonia and oogonia cease to 
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divide and begin to increase considerably in size. At this 
stage they are called primary spermatocytes in the male and 
oocytes in the female. From this point onwards the be¬ 
haviour in the two sexes is different, and for the present 
only the male will be considered. At the close of the growth- 
phase of the primary spermatocytes or, as they are some¬ 
times called, spermatocytes of the first order, important 
changes occur in the nucleus, which will be discussed in 
detail below; they result, however, in the production of 
chromosomes each of which is double, with the consequence 
that the nucleus contains, instead of the somatic number of 
single chromosomes, half the somatic number of double 
chromosomes. The primary spermatocytes now divide in 
such a way that the components of the double chromosomes 
separate from one another, in consequence of which each of 
the daughter cells, known as secondary spermatocytes, con¬ 
tains half the somatic number of single chromosomes. 
These secondary spermatocytes then divide again immedi¬ 
ately by a typical mitotic division, in which the chromo¬ 
somes split longitudinally; the cells so produced are called 
spermatids and also contain half the somatic number of 
chromosomes. The spermatids are then converted directly 
into spermatozoa without any further division. 

The whole process may be summarised thus. The sper- 
*' matogonia contain the somatic number of chromosomes; 
each spermatogonium of the final generation enters on a 
period of growth and nuclear change and becomes a primary 
spermatocyte. The primary spermatocyte just before divi¬ 
sion contains half the somatic number of double chromo¬ 
somes; it divides by a peculiar division giving rise to two 
secondary spermatocytes which have half the somatic num¬ 
ber of single chromosomes. The two secondary spermato¬ 
cytes so formed divide by a typical division, giving rise to 
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Kxpianai ion <>i Plvtj IV. 

General scheme of the maturation divisions (meiosis) in the spermatogenesis of 
Lepidosiren . From W. E. Ac;ar, Quart. Joum. Micr. Sc i. Vol. lvii. 1911, 
p. 9; figures kindly lent by Dr A(;ar.) 

L Resting nucleus, primar\ spermatocyte. B. Leptotene stage. C. threads 
beginning to pair side bv side (Lepto-zygotene stage). I). Completion of 
pairing (“bouquet” stage, /ygo-pachynerna). E. Strepsitene stage, beg in¬ 
ning of syni/esis. The double threads have split except at their ends, forming 
long loops. F. Late synizesis. O'. End of synizesis. Bivalent loops are 
shortening and thickening, and are beginning to break up into their con¬ 
stituent univalents. II. The nuclear membrane has disappeared. The loops 
have broken up into the diploid number of chromosomes each with a trans¬ 
verse constriction. 7 . Appearance of the spindle. Second pairing of the 
chromosomes beginning. J. Second pairing complete; definitive bivalents 
taking their place on the spindle. K. Anaphase of first spermatocyte division; 
bivalents separated into univalents each still having a transverse constriction. 
Spindles rotating in preparation for the second division. L. Metaphase of 
second spermatocyte division. Univalents, still transversely constricted, 
splitting longitudinally. 
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four spermatids, and each spermatid develops into a sper¬ 
matozoon. Every spermatozoon, therefore, is formed from 
a cell the nucleus of which contained half the number of 
chromosomes characteristic of the species. 

The whole series of events from the beginning of the 
growth-phase of the primary spermatocyte to the produc¬ 
tion of the spermatids is now generally known by the term 
meiotic phase, introduced by Farmer and Moore (1905), and 
it will now be necessary to consider the processes involved in 
rather greater detail. As there is still considerable diverg¬ 
ence of opinion, not only in the interpretation of individual 
cases, but also on the question whether the phenomena are 
really comparable in different animals, it will be advisable 
first to describe one specific case, and a convenient example 
to choose, both from the excellence of the work and the 
clearness with which the various stages are seen, is the 
spermatogenesis of the American Lung-fish, Lepidosiren 
paradoxa, described by Agar (1911) (PI. IV). 

In the spermatogonial nucleus the chromatin is distri¬ 
buted in coarse masses over a dense network of threads 
which fills the nucleus, and the nucleus of the primary 
spermatocyte at the end of the growth-phase is somewhat 
similar, differing chiefly in the chromatin being spread out 
in threads (PI. IV, A). As the division approaches, these 
threads become finer and more regular and distinct, but 
have no definite arrangement (£). Then at one pole of the 
nucleus (in many animals, and probably in Lepidosiren, at 
the pole nearest to the centrosome) the threads take up a 
parallel arrangement for part of their course, while remain¬ 
ing as a tangled network at the opposite pole. The parallel 
parts of the threads now begin to fuse in pairs, often be¬ 
coming spirally twisted round each other in the process 
C C, D), In this way thick double threads are produced 
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converging towards one pole of the nucleus, and branching 
out into a network of fine threads which still occupies its. 
distal hemisphere. Gradually the pairing of the threads 
proceeds further and further, while at the same time they 
become shorter and thicker, with the result that in a short 
time the network in the distal hemisphere is entirely un¬ 
ravelled, and the nucleus contains only a number of double 
threads arranged in long loops or horse-shoes, of which the 
free ends converge towards the pole where the fusion first 
began (E, F ). The number of these loops is half that of the 
somatic chromosomes. This stage is often spoken of as the 
“bouquet” stage, and is followed by a rapid shortening and 
thickening of all the threads, which become more or less- 
closely tangled together towards the pole of the nucleus in 
a tight mass from which loops project into the nearly empty 
distal half (F, G ). This contraction and crowding together 
was originally called synapsis , but as the word has been 
used in two different senses McClung’s term synizesis is 
preferable 1 . The contraction and crowding make detailed 
observation difficult, but from the examination of exception¬ 
ally clear nuclei, and from comparison with other animals,. 
Agar is convinced that the threads which paired in the 
bouquet stage have now separated again except at their 
ends, with the result that there are now half the somatic 
number of elongated, twisted rings, composed of threads 
in pairs attached to each other at their ends but otherwise 
single (G). These threads are now much thicker than 
they were before the parallel conjugation, owiAg to their 


1 As was mentioned earlier (p. 56 note) Hardy has imitated the synizesi* 
stage of spermatogenesis in resting somatic nuclei of plants by passing through 
them an electric current. The greater part of the chromatin became collected 
at the side of the nucleus toward the positive pole, with loops extending into* 
the distal half, just as in synizesis the chromatin is contracted towards the 
pole nearest the centrotome. 
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contraction, and from this stage onwards the shortening 
and thickening proceeds rapidly. At the same time the 
tight mass which was formed in synizesis becomes loosened 
and the threads are seen to have contracted into relatively 
short, thick chromosomes, most of which still have the 
form of rings, in consequence of their being united by their 
ends in pairs. In Lepidosiren a process now follows which 
has not been described in many other animals, but which 
will possibly be found to be of more general occurrence. 
The chromosomes as they emerge from the clumping of 
synizesis are double, consisting of rings made up of two 
single chromosomes; these rings now break up into their 
components, giving rise to the somatic number of more or 
less rod-shaped chromosomes, most of which are contracted 
in the middle, thus having a somewhat dumb-bell-like shape 
(PI. IV, H). In the majority of animals this separation of the 
rings into their single halves has not been described. As 
the chromosomes become disentangled from the clump of 
the synizesis stage, the nuclear membrane dissolves and the 
spindle begins to be formed; at the time when the membrane 
disappears the centrosomes have yet not reached opposite 
sides of the nucleus but lie comparatively near together, 
and from each a sheaf of fibres runs towards the irregular 
group of chromosomes. Gradually the centrosomes rotate 
apart until they come to lie on opposite sides of the chromo¬ 
some group, and a definite spindle is formed between them. 
Meanwhile the chromosomes come together again in pairs, 
and for the second time form double ring-shaped bodies 
which take up their position in the equatorial plate of the 
spindle (/, J). Owing to the constriction in the middle of 
each single chromosome, these rings generally have the ap¬ 
pearance of being four-fold, looking like four rounded bodies 
in contact with one another, but from the manner of their 


D.C. 


5 



66 


SPERMATOGENESIS 


[CH. 

formation it is quite clear that they are in reality double 
rather than quadruple, being composed of two rods, some¬ 
what bent and with their ends in contact, and each deeply 
constricted in the middle. The constriction corresponds 
with the point to which the spindle-fibre is attached, and 
which becomes the apex of the V-shaped chromosome of 
the anaphase stage, and is seen also in ordinary somatic 
chromosomes in Lepidosiren. The apparently four-fold con¬ 
dition of the chromosomes at this stage is of importance, 
since it closely resembles the “tetrad” form which at one 
time was regarded as characteristic of this stage of the 
developing germ-cell, as will be mentioned below. 

The double chromosomes which thus arrange themselves 
in the equatorial plate of the spindle are in every case com¬ 
posed of two similar halves; the chromosomes of Lepidosiren 
differ considerably among themselves in size and shape, but 
each ring is composed of two similar members, and it can 
hardly be doubted that the two members of each ring are 
the same two which paired together in the bouquet stage 
and which composed the rings in the synizesis that fol¬ 
lowed it. On the equatorial plate they are arranged so that 
one member of each pair is directed towards one pole of the 
spindle and the other towards the other pole, and the two 
members of each pair then begin to separate from each other 
and diverge towards the poles. They remain connected 
for a time by two strands of chromatin connecting the ends 
that were in contact, giving a very characteristic appear¬ 
ance which is typical of the division of the primary sperma¬ 
tocytes, or of the “reducing” division generally, in a large 
number of animals and plants (PI. V, G, H, /). A division 
of this form is known as a heterotype mitosis 1 , and results in 

1 The heterotype or heterotypical form of mitosis was formerly regarded 
as characteristic of, and confined to, the first maturation division of the 
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A — I t prophases of heterotype division of spermatotytes of Guinea pig, after 
MooRt and WAikf*R A , spireme (leptonema), B, symzesis (contraction 
phase), C, zygonema, D, pachynema, E f resolution of contraction phase 
rf appearance of definite double chromosomes 

G, Hf If heterotype division m spermatocytes of the Grasshopper Stenobothtus, 
after Davis G, H t Metaphase, 7 , Anaphase 
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the production of two daughter-nuclei (secondary sperma¬ 
tocytes), each of which has half the somatic number (and 
therefore often called the “reduced” number) of single 
chromosomes. Almost immediately after they are formed, 
the secondary spermatocytes begin to divide again. This 
time the chromosomes arrange themselves in the ordinary 
way in the equatorial plate, split longitudinally, and the 
halves travel to the poles as in an ordinary division (PI. IV, 
L ). This second division is therefore spoken of as a homotype 
mitosis, and gives rise to the spermatids, which proceed to 
develop directly into spermatozoa. 

Before proceeding to discuss how far the events here 
described are typical of the “meiotic phase” in the matura¬ 
tion of the germ-cells of animals and plants in general, it 
will be convenient to mention certain terms which are 
now coming into general use to describe the various stages 
(PI. V, A-F). The terms (mostly introduced by von Wini¬ 
warter of Liege, 1900) have the advantage of avoiding 
considerable circumlocution in describing the stages of 
maturation, but unfortunately alternative names intro¬ 
duced subsequently have caused a certain amount of 
duplication. The early stage of the primary spermatocyte, 
when the nucleus contains a network of thin threads, is 
called leptonema ; that when the threads unite in pairs (or 
in any case, when they first become double) is zygonema ; 
the “bouquet stage” with thick threads is pachynema , 
and the succeeding condition in which the thread again 
appears double or loop-like, interpreted by Agar as a 
separation of the paired threads except at their ends, is 
strepsinemct or diplonema. The corresponding adjectives 
are leptotene, zygotene, pachytene and strepsitene. Also it 

germ-cells of vertebrates and the higher plants j it is now known in many 
other groups. 
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is sometimes convenient to use McClung’s term syndesis 
to describe the union of threads or chromosomes in pairs; 
the word synapsis is often used in this sense, but as it 
is also used in the sense of synizesis (contraction of the 
chromatin-threads into a compact mass), the word synapsis 
tends to be misleading. The union of chromosomes in side- 
by-side conjugation is called parasyndesis (parasynapsis), 
and the end-to-end union (formerly supposed to be fre¬ 
quent or universal) is telosyndesis (or telosynapsis). The 
condition in which the chromatin is all arranged in looped 
threads (formerly supposed to be one continuous coiled 
thread, but now more frequently regarded as a number of 
intertwined loops) is called the' spireme, and the stage at 
which the spireme by contraction of its loops gives rise to 
the reduced number of short double chromosomes is dia- 
kinesis. The appearance of half the somatic number of 
double chromosomes in consequence of syndesis is often 
spoken of as pseudo-reductionP 
The course of events in the meiotic or maturation phase 
of the spermatogenesis of Lepidosiren is on the whole typical 
of the corresponding stages in a large number of animals 
and plants. At almost every step of the process, however, 
there are points of detail, some of them of very great 
theoretical importance, about which there are differences of 
opinion. Frequently, no doubt, these disagreements among 
observers depend on real differences in the behaviour of the 
nuclei and chromosomes in different animals, for it can 
hardly be supposed that the phenomena are quite identical 
in such different groups as, for example, Worms, Insects 
and Vertebrates. The surprising thing, in fact, is not the 
existence of differences, but that on the whole they should 
be so small, and that closely similar phenomena should be 
found in all the higher animals and plants. In many points, 
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however, the disagreement arises not from difference of 
material, but from divergent interpretations of the same 
phenomenon, and it will be necessary to devote a short 
space to the consideration of some of those points which 
have been subjects of controversy, in consequence of their 
theoretical importance. 

One of the phenomena which has led to the greatest 
amount of discussion is that of the production of the double 
threads of the “bouquet” stage from the thin single threads 
of the early first spermatocyte nucleus. In Lepidosiren , 
according to Agar, the double threads are produced quite 
clearly by side-to-side union of the single threads seen at 
the rather earlier leptotene stage (PI. VI, b, i ), and at the 
present time the opinion that this is the true account is 
held by an increasing number of cytologists (for example, 
A. and K. E. Schreiner, T. H. Montgomery, E. B. 
Wilson, A. Bolles Lee, etc.). Until recently, however, 
the generally accepted view was that the doubling of the 
threads in the zygotene stage was due, not to the parallel 
conjugation of the single leptotene threads, but to their 
longitudinal division, and this opinion is still held by a 
number of leading cytologists (PI. VI, a—e). They main¬ 
tain that the leptotene threads thicken and then divide; 
the threads can often be seen to consist of a row of granules 
(microsomes) like a string of beads, and it is said that the 
granules increase in size in a direction transverse to the 
thread, and then each divides into two, thus giving rise to 
a longitudinal split along the whole thread. Some of those, 
on the other hand, who believe in the parallel conjugation 
of the threads, maintain that this is brought about by con¬ 
jugation of the granules, each granule of one thread uniting 
with the corresponding granule of its neighbour. Whichever 
view is adopted in regard to the origin of the double threads 
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of zygonema, it is generally agreed that the threads shorten 
and thicken, and that the split dividing the two halves dis¬ 
appears, in the succeeding pachytene stage. But there are 
again two entirely different interpretations of the strepsitene 
loops which next make their appearance. Some observers, 
whether they believe in the parallel conjugation of threads 
or in the longitudinal splitting, agree with the interpretation 
adopted by Agar that the loops in strepsinema arise by the 
separation of the longitudinal halves of the double zygotene 
threads; they say that the longitudinal split between the 
two halves, which temporarily disappeared in pachynema, 
reappears and widens, so that the two halves of the double 
thread come apart along their whole length except at their 
ends, thus producing elongated loops. Another school, 
however, maintains that the strepsitene threads are still 
double, although the split which disappeared in pachynema 
is still invisible, and they regard the loops as consisting of 
two threads united end to end, and each of them potentially 
split longitudinally along its whole length. The two views 
thus seem at first sight to differ in a point of considerable 
importance—on the question whether the reduced number 
of double chromosomes which emerges from the synizesis 
clumping consists of pairs united end-to-end or side-to-side. 
Such descriptions as that of Agar in the spermatogenesis of 
Lepidosiren, however, provide some sort of reconciliation 
between the two conflicting opinions, for they interpret 
the phenomena as indicating first a side-to-side conjugation 
(parasyndesis), followed by a separation of the united 
threads everywhere except at their ends, with the result 
that in strepsinema the rings each consist of two chromo¬ 
somes united to each other at both ends. Although, there¬ 
fore, workers of this school accept the view that there is 
side-to-side pairing in zygonema, they do not admit, as 
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some have maintained, that the strepsitene rings consist of 
double chromosomes bent round on themselves like a split 
key-ring, a view which is not easy to reconcile with the later 
stages but which seemed at one time a natural corollary to 
the side-to-side pairing hypothesis. 

After the formation of the ring- or loop-shaped double 
chromosomes which undoubtedly emerge from the syni- 
zesis or contraction phase, whatever view is taken with 
regard to their origin, there is certainly a real difference in 
their behaviour in the next stage (“diakinesis”) in different 
animals. In Lepidosiren, as has been seen above, the 
chromosomes emerge in the reduced number (half the soma¬ 
tic number) of double chromosomes, and then break up into 
their component parts, giving rise to the somatic number 
of single chromosomes. Almost immediately they then pair 
for the second time, giving the reduced number of doubles 
(sometimes called gemini or bivalents), arrange themselves 
on the spindle, and separate in such a way that the two 
members of each pair go to opposite poles of the spindle. 
This separation and reunion of the members of the pairs is, 
however, probably exceptional; more frequently the double 
chromosomes (gemini) which emerge from synizesis con¬ 
tract to form compact ring-, loop- or X-shaped chromosomes 
which then arrange themselves directly on the spindle and 
separate into their component halves in the heterotype 
division. When, as in Lepidosiren, a separation and fresh 
pairing takes place, it is comparatively easy to see that 
complete single chromosomes segregate from each other in 
the heterotype division, but when no such second pairing 
takes place it is less easy to be certain of this. It has been 
maintained that in some animals the first spermatocyte 
division does not separate complete chromosomes, but that 
it consists in a longitudinal splitting of double chromosomes 
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composed of two members united end-to-end, and that the 
separation of the members of the pair does not take place 
until the second division. In rare cases this may possibly 
be true, but it is now generally agreed that the first sper¬ 
matocyte mitosis is normally the “reducing” division, that 
is, the division at which complete chromosomes segregate 
from each other, and that in the second division the chromo¬ 
somes split longitudinally as in an ordinary somatic mitosis. 
The split which takes effect in the second division is often 
visible in the anaphase of the first or, according to some 
observers, even considerably earlier. 

One further point about the origin of the gemini requires 
notice. In a number of Arthropods and Worms the emer¬ 
gence of the somatic number of chromosomes, each longi¬ 
tudinally split, has been described as following synizesis, 
and it is said that these then pair end-to-end, contract, and 
give rise to gemini which, in consequence of the split in each 
member, appear four-fold, and have hence been called tetrads. 
In other cases, especially in Copepods, the reduced number 
of longitudinally split chromosomes appears after synizesis; 
each has a transverse break in the middle, and they have 
therefore been regarded as being pairs of longitudinally split 
single chromosomes united end-to-end, the break correspond¬ 
ing with the point of union (PI. VII). As in the preceding 
case, they contract and form tetrads. In the first spermato¬ 
cyte division the tetrads each divide into two “dyads” 
(interpreted as single split chromosomes) and in the second 
division this split takes effect and divides the chromosomes 
into their component halves. Until some fifteen years ago 
this method of reduction by means of tetrads was regarded 
as almost universal, but more recent work has thrown grave 
doubt on the correctness of the interpretation. As has been 
seen above, the gemini formed by the second pairing in 
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Semi-diagrammatic figures rf maturation of egg of Cyclops , from Rucklrt. 

a. Early prophase of nucleus, long double threads, b . Late prophase, threads 
shorten and thicken, c. First appearance of spindle: the chromosomes have 
become tetrads by a transverse break, d. Metaphase, first polar mitosis. 
e . Anaphase, f. Prophase of second polar mitosis—the chromosomes appear 
as dyads, g. Second polar spindle—dyads dividing into univalents. 
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Lepidosiren have a four-fold appearance, closely resembling 
typical tetrads, due to the constriction of each single 
chromosome in the middle, but this constriction in no way 
corresponds with a subsequent plane of division. Similarly 
the transverse break which has been assumed to be the point 
of attachment of the single (“univalent”) chromosomes 
to each other at the first appearance of the gemini in Cope- 
pods is quite possibly a constriction of the same kind, and 
these bivalents may thus with great probability be regarded 
as consisting of pairs united side-to-side, rather than end- 
to-end. 

Whatever view is taken of the origin of the gemini or 
bivalents, it is clear that the final result consists in the 
separation of single chromosomes (univalents) from one 
another in one division, followed (or possibly in rare cases 
preceded) by a longitudinal splitting of these single chromo¬ 
somes in the other. Since this result is the same whether 
the bivalents are formed by side-to-side or end-to-end 
pairing, it may seem unnecessary to devote so much space 
to the discussion of that part of the process, but, as will be 
seen in a later chapter, very important theoretical specula¬ 
tions have been based on the assumption that side-to-side 
pairing normally takes place, and these speculations would 
be meaningless if end-to-end pairing were in fact the rule. 

Some objections that have been brought against the 
generally accepted hypothesis that the “reduction division” 
separates complete chromosomes from each other will be 
considered in a subsequent chapter. 
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The Maturation of the Germ-cells (continued): 

The Maturation of the Egg and the Nature 
of the Meiotic Phase 

I n the account of the maturation of the germ-cells.given 
hitherto attention has been confined to the phenomena 
as seen in the development of the spermatozoon, since in 
the majority of animals they are more easily followed in 



Fig. S. Three types of Insect ovarian tubes. 

(After Korschelt and Heider.) 

Above. Orthopteran type, without nutritive chambers. 

Middle . Coleopteran or Hymenopteran type, nutritive 
chambers alternating with ova. 

Belov:. Hemipteran type, single large nutritive chamber 
connected with ova by ducts. 

the male than in the female. In the development of the egg, 
however, the process is exactly analogous, differing only in 
those features which depend on the inevitable difference 
between the production of the minute, active spermatozoon 
and the relatively large, inert, and often yolk-laden egg,' 
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Like the spermatozoa, the eggs are developed from small, _ 
comparatively undifferentiated cells known as oogonia, but 
not all the oogonia give rise to eggs, for many, in the 
majority of animals at least, are used up in forming acces¬ 
sory cells of various sorts. The process is especially well 
seen in the ovaries of Insects, in which the ovary consists 
of “tubes” or strands consisting of oogonia at the apex, 
while lower down the tube all the stages of the growth of 
the eggs and the differentiation of the accessory oogonia 
into follicle or nutritive cells can be seen in regular order. 

In such an ovary the oogonia may be seen in division 
near the apex; the mitosis is of the ordinary somatic type 
and the chromosomes have the somatic number. After the u 
last oogonial division the cells begin to enlarge and become 
oocytes, and the nucleus goes through precisely similar 
stages to those seen in the spermatocytes of the same 
species. The nucleus of the young oocyte, like that of the 
spermatocyte,consists of a tangled network of threads; from 
this a spireme is formed in which the thread appears for a 
time double, probably from the pairing of the reticular 
threads side by side, but according to some by their thick¬ 
ening and splitting. The spireme goes through the “bou¬ 
quet stage,” followed by synizesis, and from this emerge the 
reduced number of strepsitene loops, just as in spermato¬ 
genesis. The bivalent loops then contract to some extent, 
giving rise to half the somatic number of fairly short, thick 
threads, but do not, at this stage, proceed to form the 
typical gemini of the heterotype division. In the insect 
ovary (at least in many forms) an interesting differentiation 
takes place at this stage. In the cells which will develop 
into eggs the threads remain comparatively long, the 
nucleus continues to enlarge, and the deposition of yolk in 
the cytoplasm commences. In other cells, which up to this 
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stage have appeared identical, the bivalent chromosomes 
contract into typical heterotype gemini and the univalent 
members of each pair then break apart and so give rise to 
the somatic number of single chromosomes. These latter 
cells then develop into accessory (nutritive) cells, and never 
form eggs. 

. The true oocytes, after reaching the condition in which 
the nucleus contains the reduced number of thick threads, 
may undergo a very long period of growth and waiting 
before the actual mitosis, of which the events described are 
the preliminary stages, takes place. In an egg which when 
mature contains much yolk the whole of it must be de¬ 
posited in the interval, and while this is happening remark¬ 
able changes may occur in the nucleus, intercalated, so to 
speak, between the preliminary and final stages of the 
division. Very commonly the chromosomes, which up to 
this stage have been clearly defined and deeply staining, 
disappear, and the chromatin becomes scattered through 
the nucleus in the form of fine particles, or for a time it 
may vanish altogether, at least in the sense that it ceases to 
take up stain (cf. PI. VIII). These changes in the nucleus 
between the first formation of the bivalent chromosomes 
and the division which separates them into their component 
halves are doubtless due to the great changes that are mean¬ 
while taking place in the egg. Up to the time of the emer¬ 
gence of the double chromosomes from synizesis the oocyte 
has been quite small, little larger than the corresponding 
spenpatocyte, but it now begins to increase greatly in size, 
and, in many animals, to accumulate a large amount of 
yolk, so that its volume may enlarge to many thousand 
times that of the oogonium from which it has developed. 
Hie nucleus, as has been seen in an earlier chapter, in some 
way controls the metabolic activities of the cell, and. its 



Plate Fill 



Stages in the development of the oocyte of Paludtna (after PopotF, 1907). 

a . Zygotene stage of chromatin threads. 

b. Chromatin threads beginning to break up. 

c. The nucleus has reverted to a network with scattered chromatin. Production 
of “chronudia” in preparation for deposition of yolk m cytoplasm*. 

d. Cytoplasmic growth and deposition of yolk 

* The “chromidia” stain with osmic acid like Golgi apparatus, and are 
probably of the same nature (Popo**). 
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peculiar behaviour in the growing oocyte can only be 
ascribed to its activities in this connection. In some eggs 
it may be seen that the first deposit of yolk takes place in 
the immediate neighbourhood of the nucleus. It must 
probably be supposed that in the early stages of gameto- 
genesis, which correspond in the two sexes, the chromo¬ 
somes are prepared for the “reducing” division which is 
to follow, and to which the spermatocytes proceed directly, 
while in the egg the framework, so to speak, persists, al¬ 
though the chromatin particles are then distributed through 
the nucleus in accordance with their function of control¬ 
ling the growth of the egg-cell and the deposition of yolk. 
Sometimes staining granules appear at this stage in the 
neighbourhood of the nucleus (cf. PI. VIII, c), which 
have been interpreted by some observers as chromatin 
discharged from the nucleus into the cytoplasm in con¬ 
nection with the deposition of yolk. Other investigators, 
however, maintain that these granules are not chromatin, 
but are true cytoplasmic structures, probably either mito¬ 
chondrial in nature or belonging to the Golgi apparatus 
to which reference has been made in an earlier chapter. 
Popoff (1907) in the paper from which PL VIII is taken, 
points out that the granules, which superficially resemble 
chromatin, stain in the manner characteristic of the Golgi 
apparatus. 

In some animals, such as Mammals, although very little 
yolk is deposited in the egg, there may be an extremely 
long waiting period between the preliminary stages of the 
maturation of the oocyte and the nuclear divisions which 
complete them. In Mammals the oocytes develop as far as 
the strepsitene stage before or shortly after birth, and the 
actual maturation - divisions do not occur till the egg is 
ready for discharge from the ovary, so that in the longer- 
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Eved species as much as fifty years may elapse between the 
prophase of the division and its completion. 

While the growth of the oocyte and the deposition of yolk 
are taking place the nucleus is very large, appearing as a 
conspicuous vesicle, usually with a large nucleolus (plasmo- 
some). In the older works on embryology the nucleus at 
this stage was called the “germinal vesicle,” and the nucle¬ 
olus the “germinal spot.” When the egg becomes full-sized, 
and approaches the final stages of maturation, the nucleus 
shrinks to a very much smaller volume, Sometimes becoming 
so small as to be found only with difficulty. The chromo¬ 
somes then reappear, often tightly packed together, and the 
egg is ready for the “maturation-divisions,” which prepare 
its nucleus for conjugation with the spermatozoon. • 

In spermatogenesis, as has been seen in the preceding 
chapter, each primary spermatocyte divides twice, giving rise 
to four spermatozoa. In the egg also two nuclear divisions 
occur in rapid succession, but instead of the egg-cell dividing 
into two and then four equal cells, the division is extremely 
unequal, and the minute cells which are separated off from it 
are called polar bodies (PI. IX). (The first maturation or polar 
mitosis may take place in the ovary or after the egg is dis¬ 
charged; in some animals the act of laying seems to. be 
the stimulus, and in others the polar division only occurs 
when a spermatozoon enters the egg. Typically the oocyte 
nucleus comes to lie near the surface of the egg, usually 
enclosed in a little patch of protoplasm free from yolk. A 
spindle is then formed perpendicular to the egg-surface, 
with its outer pole at the extreme margin; the nuclear mem¬ 
brane disappears and the bivalent chromosomes arrange 
themselves in the equatorial plate. A heterotype division 
follows, the bivalent chromosomes divide into their com¬ 
ponent halves, and these travel to the poles of the spindle. 




Plate IX 



Four stages m the production of polar bodies in the egg of the Mollusc Pkysa 
fontinalts From Kostanlcki and WitR7FjSKi 

a Anaphase of first polar mitosis, on the right, sperm head with aster appearing 
in front of it 

b Telophase of first polar mitosis, polar body being extruded Below, head and 
tail of spermatozoon 

c Metaphase of second polar mitosis, first polar body completely extiuded 
Below, sperm aster with divided centrosome widely separated from sperm 
head 

d Telophase of second polar mitosis, and extrusion of second polar body 

All the figures are reconstructed from more than one section. 
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Those which go to the outer pole at the egg-margin form a 
nucleus which is pushed out of the egg, possibly by the 
elongation of the spindle, together with a very small amount 
of cytoplasm; this constitutes the “first polar body.” The 
other group goes to the inner pole of the spindle, and 
usually also forms a vesicular nucleus for a short time. In 
most animals the second division follows rapidly, though 
in some a considerable interval may elapse; a new spindle 
is formed, the egg-nucleus again is resolved into chromo¬ 
somes which split and separate as in the homotype division 
of the secondary spermatocyte. Again the outer group of 
chromosomes travels to the edge of the egg and is extruded 
as a second nucleus enclosed in a small mass of cytoplasm, 
constituting the second polar body. Sometimes, but not 
in all animals, the first polar nucleus divides concurrently, 
so that the whole process gives rise in all to three minute 
polar cells and one large nucleated egg-cell. The nucleus of 
the egg-cell, sometimes now called the “female pronucleus,” 
then sinks into the egg and is ready for conjugation with 
the sperm-nucleus, which in many animals is already present 
in the egg at this stage. 

The maturation phenomena in the egg are thus closely 
comparable with those of the spermatozoon. The early 
stages are very similar; then follows a period of growth and 
usually of nuclear change not represented in spermato¬ 
genesis, but when this is completed two successive nuclear 
divisions occur, giving rise in all to four cells as in spermato¬ 
genesis (cf. diagrams in Text-fig. 7, p. 61). There is, 
however, the conspicuous difference, due to the great size> 
and elaboration of the egg, that instead of these cells’ 
all being similar, one is a large, functional germ-cell, while \ 
the other three are minute bodies which iti most cases are 
thrown out of the egg and lost. The differences, how-"" 
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ever, are evidently superficial, depending on the nature 
and function of the cells concerned; fundamentally the 
process is similar in the two sexes. This similarity is further 
illustrated by the observation of Francotte that in the 
Polyclad Prostheceraeus the first polar body is nearly as 
large as the egg-cell. It undergoes an unequal division, 
giving off a small second polar body, just as the egg-cell 
does, and may be fertilised by a spermatozoon and segment 
as far as the gastrula stage. This production of a giant 
polar body has been imitated by Conklin (1917) in the eggs 
of the Mollusc Crepidula by centrifuging them during the 
maturation divisions. 1 His results lead him to formulate an 
interesting hypothesis to account for the rather puzzling 
fact that in the production of normal polar bodies the cell 
divides extremely unequally in a way that contradicts the 
rule of protoplasmic mass referred to in Chapter III. He 
finds that if an egg is centrifuged violently during the pro¬ 
phase of the polar division, the whole polar spindle may be 
carried from the egg surface into the centre. If, however, 
the mitosis has reached the metaphase or anaphase stage, 
it is impossible to draw the outer pole of the spindle from 
the surface, with the result that the whole spindle becomes 
greatly elongated, and when the cell divides, the polar body 
separated off is relatively enormous. He concludes, there¬ 
fore, that the polar spindle is firmly anchored, especially in 
the later stages, to the elastic “spongioplasm” of the egg 
surface by means of its outer pole or aster, while the inner 
pole is relatively free. The inequality of the polar divisions 
thus arises from the firm attachment of the mitotic spindle 
to the egg surface by one pole only, while in ordinary 
divisions, such as of a segmenting egg or of a spermatocyte, 
the poles are usually symmetrical in this respect. In this 
connection, and as showing still further the homology of 
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the polar and spermatocyte divisions, it may be mentioned 
that very unequal spermatocyte divisions occur in the Bee, 
Aphids and Pediculus. In these cases one centrosome is 
drawn out at the tip of the finger-like process of the cell, 
and in the telophase of the mitosis this process is con¬ 
stricted off, much as a polar body is separated from an 
egg-cell. 

In insects and some other animals the polar divisions are 
of a somewhat different type from that described above, 
though retaining the same essential features. The difference 



Fig. 9. Stages in the maturation of the egg of the Sawfly Nematus. 

First polar mitosis, second polar mitosis, and close of second mitosis with 
egg-nucleus below and three polar nuclei, of which the two inner unite. 
(From the writer’s preparations.) 


consists in the fact that the polar nuclei are not extruded 
from the egg, but remain within it and usually degenerate 
in a short time. The first maturation division begins as 
described above, but the outer pole of the spindle is not 
quite at the egg margin, and the mitosis gives rise to two 
groups of chromosomes, one close to the surface and one 
rather deeper. Each group may form itself into a nucleus, or 
in some insects the second division follows so rapidly that 
this does not occur, and two new spindles are formed im¬ 
mediately, lying end to end perpendicular to the egg surface, 
with the two groups of chromosomes from the first division 

6 


D.C. 



u MATURATION OF THE EGG [ch. 

in their equatorial plates. The two nuclei or chromosome 
groups then divide again, giving rise to four groups of 
chromosomes, which usually all form themselves into vesi¬ 
cular nuclei. Of these the two outer, at the poles of the 
outer spindle, are the halves of the first polar nucleus, and 
the other two are the second polar nucleus and the mature 
egg-nucleus. In some insects the polar chromosomes never 



Fig. io. Early development of the egg of Platygaster. 

i—5. Platygaster diyomytae, after Silvestri (1916). 6 . P. ornatus slightly 
modified from Marchal (1906). 

1. Three polar nuclei above, egg-nucleus and sperm-head below. 

2. The two inner polar nuclei have fused. 

3. The egg and sperm nuclei have fused 

4. The protoplasm surrounding the zygote nucleus is separated as a 
distinct cell; the fused polar nuclei are giving rise to the “paranucleus** 
of the trophamnion. 

5. First segmentation division. 

6 . Blastoderm stage 5 paranucleus giving rise to nuclei of trophamnion. 
See also Fig. 20, p. 181. 

form vesicular nuclei, but remain as groups of chromosomes 
which gradually disintegrate. Not infrequently the second 
polar nucleus conjugates with the inner half of the first, or 
in some cases all three polar nuclei unite. With very rare 
exceptions, however, the polar nuclei, whether united or 
separate, disintegrate and disappear; the only known ex¬ 
ception is in certain parasitic Hymenoptera (Chalcididae, 
Proctotrypidae), especially in those in which polyembryony 
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(embryonic fission) occurs. In some of these it has been 
shown by Silvestri that the united polar nuclei persist and 
later divide and give origin to the nuclei of the envelope 
(“ trophamnion ”) which encloses the mass of embryos into 
which the egg divides. In most species of the same families 
in which there is no embryonic fission, the polar nuclei 
degenerate, but Silvestri finds that Platygaster is an ex¬ 
ception to this rule in having a trophamnion with nuclei 
derived from the polar nuclei (Text-fig. 10). 

In all eggs, therefore, which are destined to be fertilised 
the maturation phenomena are closely comparable with 
those found in developing spermatozoa, and a similar pro¬ 
cess is found in the development of the spores of the Vas¬ 
cular Cryptogams and of the pollen-grains and embryo sac 
of the Flowering Plants. In all these cases the essential 
feature is the formation of double or bivalent chromosomes 
which appear in half the somatic number, followed by two 
rapidly succeeding divisions, in one of which the bivalents 
separate into their constituent univalent halves, and in the 
other the univalents divide by a longitudinal split. Each 
mother cell thus gives rise to four daughter cells containing 
half the somatic number of chromosomes; in the male all 
these cells develop into gametes, while in the female three 
are small and degenerate and only one mature gamete is 
formed. 

It remains to consider some points in connection with the 
theoretical interpretation of the maturation-process or 
meiosis. Of these perhaps the most important is the constitu¬ 
tion of the bivalents. The somatic number of chromosomes, 
sometimes called the diploid or “2«” number, is produced 
in the fertilised egg by the union of the egg and sperm 
nuclei each of which contains the reduced (haploid or “«”) 
number, and, as has been said above, the object of the 

6—a 
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maturation process is to produce germ-cells which again 
have the reduced number. But it is obviously of great im¬ 
portance to know whether the chromosomes unite indis¬ 
criminately in pairs to give rise to the bivalents, or whether 
the chromosomes differ among themselves and constitute a 
definite series which must be handed on unchanged to the 
next generation. If the chromosomes are all alike, it is 
evident that any one may pair with any other, but if they 
differ among themselves, one of each kind must obviously 
go into each daughter cell if the two cells are to have 
similar complements. In most animals it is quite easy to 
see that the chromosomes differ among themselves in size 
and in the shape which they assume in the metaphase and 
anaphase of the division, and especially in insects it is often 
possible to recognise each member of the series of chromo¬ 
somes by means of careful measurements. It is then found 
that in the somatic and spermatogonial or oogonial cells 
there are two of each kind, so that these cells contain a 
double set (whence the expression “diploid” or 2 n number), 
and it is clear that the two sets are descended from the 
chromosomes introduced into the zygote by the two germ- 
cells which conjugated in its production. The diploid 
number may thus be said to consist of similar paternal 
and maternal haploid sets mixed together. When, as in 
Lepidosiren, it is possible to see the chromosomes coming- 
together in pairs before the heterotype division, it is per¬ 
fectly evident that similar or homologous chromosomes 
unite to form the bivalents, but even when the union takes 
place only in the spireme stage, and no separation and re¬ 
union of the members takes place in diakinesis, it is equally 
dear that each bivalent consists of two similar halves, for 
the univalent components are exactly alike as they separate 
in the anaphase of the heterotype mitosis. If, then, we call 
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the set of chromosomes introduced into the zygote from 
the male parent A, B, C, D,..., and the corresponding 
maternal set A', B', C', D \..., the somatic or diploid series 
consists of A, A', B, B', C, C',..., usually mingled indis¬ 
criminately together 1 . When, however, the meiotic phase in 
the maturation of the germ-cells supervenes, the chromo¬ 
somes pair together, A with A', B with B', and so on, so 
that each bivalent in the heterotype division consists of 
two homologous chromosomes, one of which is of paternal 
and the other of maternal origin. Since the two of each 
pair are commonly alike it is not possible to say from direct 
observation whether all the paternal chromosomes go to 
one pole of the spindle, and all the maternal to the other, 
or whether they behave irregularly, but a comparison of the 
chromosome behaviour with the facts of heredity leads to 
the definite conclusion that in respect of any pair it is a 
matter of chance whether one or the other member goes to 
a given pole. This conclusion is confirmed by observations 
such as those of Miss Carothers (1917) on the rather rare 
cases in which the members of a pair may differ in size or 
in the position at which the spindle-fibre is attached. 
Miss Carothers found that in a grasshopper the spindle- 
fibre may be attached at the end of the chromosome, giving 
a rod-shape in anaphase, or nearer the middle giving a J- 
shape. In the spermatocytes of some individuals rods and 
J-forms were paired together. She then found that there 
was no regularity in the arrangement of these pairs on the 
spindle, but that the segregation of the members of different 
pairs was quite independent of one another. It must there- 


1 In the Diptera in all the cells of the body, whether somatic or germinal, 
which have the diploid number, homologous chromosomes constantly lie next 
to one another in the equatorial plate, A being associated with A\ B with 
etc. (Metz). This is not usual in other groups of animals. 
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fore be concluded that the daughter-nuclei may contain 
any combination of paternal and maternal chromosomes, 
as long as one and one only of each kind is represented; 
that is to say, any combinations such as A, B, C ,..., A, 
A', B, C',... are possible, but every letter must 
be represented once and once only. In other words, it 
appears that the function of the reducing division is 
to ensure that each germ-cell shall contain one complete 
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Fig. ii. Chromosomes of Bistort hirtarius and Nyssta zonaria and 
the hybrid between them, from Harrison and Doncaster. 

i,2. < B. hirtarius , spermatogonial group (i) and first spermatocyte group (2). 
3,4. N.%onaria spermatogonial group (3) and first spermatocyte group (4). 
5, 6 , 7. Hybrid zonaria $ and hirtarius $ s 5, spermatogonial group; 
6, 7, first spermatocyte groups. 


haploid set, but that within this set all possible combina¬ 
tions of chromosomes of paternal and maternal origin are 
possible. 

That the bivalent chromosomes of the meiotic phase do 
in fact consist of pairs, one of which is of paternal and the 
other of maternal origin, is clearly shown by the behaviour 
of the chromosomes in certain hybrids, especially in Moths, 
and also in various plants. A particularly clear example is 
seen in the hybrid between the moths Biston hirtarius and 
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Nyssia zonaria 1 . In B. hirtarius the reduced germ-cells con¬ 
tain 14 mostly rather large chromosomes of which two are 
usually united, giving the appearance of 13; those of N. 
zonaria have 56 small ones. The hybrid has 70, some large 
and the rest small, in its spermatogonia. After the growth- 
phase about 60 to 65 chromosomes emerge from the spireme, 
a few of which are evidently double (bivalent), while the 
majority are single (univalent), a few of these being large 
and the rest small. At the first division the bivalents 
divide into their components, and the rest divide equation- 
ally, and probably all divide equationally at the second 
division, producing spermatids with only a few less than 
the somatic number of chromosomes. The explanation is 
clearly that most of the chromosomes derived from the 
one parent are too unlike any of those derived from the 
other for pairing to be possible, so that hardly any pairing 
takes place, and the chromosomes in the maturation 
divisions are nearly as numerous as in the spermatogonial, 
instead of only half as many. A few of the chromosomes 
derived from the two parents, however, correspond suffici¬ 
ently to be able to pair, and these give rise to the bivalents, 
which seem to vary in number from five to about ten. 

Further evidence pointing in the same direction will be 
given in the chapter on the cytological phenomena of sex. 

That the pairing and separation of the chromosomes in 
the meiotic phase brings about the required result is per¬ 
fectly evident, but it is not so clear why the reducing 
division should always be followed by a second division of 
the equational type, that is to say, in which the individual 
chromosomes are split into longitudinal halves. A number 
of hypothetical explanations of this second division have 
been offered, but as most of them are quite devoid of 

1 Harrison and Doncaster, 1914. 
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experimental support it is not necessary to consider them 
here. The most probable explanation is that the second 
maturation division represents the completion of a process 
which began at a much earlier stage, and that the heterotype 
mitosis is a peculiar form of division intercalated between 
the prophase stages and the completion of an ordinary 
nuclear division. In an ordinary somatic division the 
chromosomes emerge from the nuclear reticulum and con¬ 
tract to form rods which are twice as thick as the chromo¬ 
somes in anaphase, so that if the width of the chromosomes 
in anaphase is taken as the standard or unit, those in the 
prophase may be regarded as having twice the normal 
thickness. They then split longitudinally, and the two 
halves, now of the standard width, separate to the two 
poles of the spindle. In the meiotic phase the same process 
takes place, with the addition that the chromosomes of 
double width are now associated in pairs, so that each 
bivalent consists, actually or potentially, of two double rods 
lying side by side. The heterotype division separates the 
members of the pair, but since each member is of double 
width, and has often already a visible longitudinal split, 
the second (homotype) division is needed to complete the 
process and produce chromosomes of standard or unit 
thickness. This is illustrated diagrammatically in Text- 
fig. 12. That this is the true explanation of the double 
division in the maturation of the gametes is strongly indi¬ 
cated by the phenomena found in most parthenogenetic 
eggs, and in die spermatogenesis of the Hymenoptera, 
which will be considered in a later chapter. In these cases, 
for reasons which will be explained, the reduction process 
is omitted; there is no pairing of chromosomes and the 
maturation consists of a single equatianal or homotype 
mitosis. 
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A different explanation of the occurrence of two successive 
maturations, due to Janssens, is of such great theoretical 
importance that it must be mentioned here, though it will 
be referred to again later. Janssens (1909) maintains that 
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Fig. 12. Diagram of chromosome division in somatic and in 
maturation mitoses. 


a. Two chromosomes in metaphase, and b. in anaphase, of a somatic or 
spermatogonial mitosis, c. Transverse section illustrating the doubling 
in thickness and splitting of a chromosome before division. 
d . Bivalent chromosome of first maturation division, consisting of two uni* 
valents, each longitudinally split. 

€. Anaphase of first maturation division, separating complete, split univalents 
from each other. 

ft g. Metaphase and anaphase of second maturation division, separating longi¬ 
tudinal halves of the univalent. 


when the chromosomes twist round one another, as they 
often do in strepsinema, they may fuse at the points of 
contact, and when they separate parts of the two homo¬ 
logous chromosomes may exchange places. He also gives 
evidence that when the heterotype chromosomes split 
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longitudinally, part of one longitudinal half of one chromo¬ 
some may exchange places with a similar part of the cor¬ 
responding longitudinal half of the other. In consequence 
of this the heterotype division does not separate whole 
chromosomes, for while the parts of the chromosomes that 
have not exchanged places separate completely, the parts 
of which the longitudinal halves have exchanged places in 
reality only undergo a longitudinal division in the hetero¬ 
type division, and therefore the second (homotype) division 



Fig. 13. Diagram illustrating Janssens* hypothesis of “Chiasmatypy.” 

(From Janssens.) 

a. Two homologous chromosomes, AB and ab> paired and crossing each 
other, b . Each is longitudinally split, and one longitudinal half of 
portion B of one has become attached to portion a of the other, while a 
corresponding longitudinal half of b has become attached to A. c. Split 
chromosome in the anaphase of the first (heterotype) maturation division} 
one longitudinal half consists of portions ab, the other of aB. 

The complete segregation of AB from ab into separate nuclei will only be 
effected in the succeeding homotype division which separates these longi¬ 
tudinal halves. 


is needed in order to complete the separation. Reference 
to Text-fig. 13 will make his scheme clearer. He points 
out that this scheme not only explains the curious cross¬ 
shaped figures, which may show twisting at one end and 
not at the other, that are often seen in the heterotype 
division, but also accounts for the universal presence of 
two divisions in the maturation of the gametes, for both 
divisions are required in order completely to separate the 
homologous chromosomes into different nuclei. 



CHAPTER VII 


The Cytoplasmic structures in Spermatogenesis 
and Oogenesis 

r. Spermatogenesis 

I n the foregoing account of the maturation phenomena of 
spermatozoa and ova attention has been directed almost 
exclusively to the nuclear changes; it will now be necessary 
to turn aside for a space, in order to consider some of the 
cytoplasmic processes characteristic of the development of 
the germ-cells, before describing the behaviour of these 
cells in fertilisation. 

During the two cell-divisions which take place in the 
development of each primary spermatocyte into four sper¬ 
matids, important changes commonly occur in the cyto¬ 
plasm in preparation for the peculiar structure of the mature 
spermatozoon. The nature of these changes will perhaps be 
best understood if a short description is first given of a 
typical spermatozoon. With a few conspicuous exceptions, 
for example in the Nematode worms and the higher Crus¬ 
tacea, the spermatozoa throughout the animal kingdom 
are built on a common plan, although there are of course 
great differences in detail between those of members of 
different groups, or even of different species within one 
group. A typical spermatozoon consists of three parts, 
usually called head, middle-piece and tail. The head varies 
greatly in shape in different animals; it is perhaps most 
commonly oval in outline, but may have .the form of an 
elongated rod, straight or sometimes bent, or it may be 
twisted into a cork-screw shape or have other peculiar 
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forms. These spiral forms are an instance of the asymmetry 
which is frequent, if not general, in the structure of sperma¬ 
tozoa, and it has been suggested that the excentric position 
of the nucleus of the unfertilised egg is a manifestation of 
the same thing in the female gamete. The head consists 
chiefly of a highly concentrated nucleus, which stains in¬ 
tensely and almost evenly with chromatin stains. The 
nucleus is probably enclosed in a thin sheath of cytoplasm, 
although this is usually not readily visible. At its anterior 
end there is often a pointed apical body or aero some, the 
function of which is probably to help in perforating the 
surface of the egg when the spermatozoon enters it. The 



Fig. 14. Diagram of a spermatozoon, showing head with nucleus and acro- 
some, middle-piece with end-knob, and tail with axial filament. (To save 
space the tail is represented as bent on itself.) 


middle-piece is usually short and cylindrical, and contains 
the base of the axial filament of the tail, which may be 
swollen at the front end of the middle-piece, at its junction 
with the head, into an “ end-knob.” It is this thickened base 
of the axial filament which becomes, or at least produces, 
the centrosome of the first segmentation division of the 
fertilised egg. The tail is a long tapering filament, actively 
motile like a flagellum, by the lashing of which the sperma¬ 
tozoon swims vigorously in the seminal fluid or in water. 
It consists of a thin outer sheath which stains only slightly, 
surrounding a fine axial filament arising from the base in 
the middle-piece and running throughout the length of the 
tail. 
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The nucleus of the spermatozoon is formed directly from 
that of the spermatid, but usually goes through a character¬ 
istic series of changes. In many animals the nucleus of the 
young spermatid consists of a vesicle with the chromosomes 
all arranged immediately within the nuclear membrane. In 
these nuclei little or no reticular structure is visible, but 
the chromatin becomes spread out over the inner surface of 
the membrane so that in section the nucleus has the appear¬ 
ance of a darkly-staining ring, often at first with irregular 
lumps of chromatin projecting into the cavity. Gradually 
the nucleus contracts, and in animals which have sperma¬ 
tozoa with elongated heads it becomes (in optical section) at 
first oval and then a long narrow ellipse. Finally the clear 
inner space disappears and the nucleus in the head of the 
mature spermatozoon appears as a dense evenly stained 
mass of chromatin. Although the nucleus with an outer 
ring of chromatin and clear inner space is very characteristic 
of the spermatid, it is by no means universal, and animals 
of various groups have reticular spermatid nuclei with the 
chromatin scattered on the network, usually in rather coarse 
masses. The later development of these nuclei, however, 
differs very little from that of the type described above. 

Apart from the nucleus, the only other structure of im¬ 
portance in the head of the spermatozoon is the acrosome, 
and it will be convenient to leave the discussion of its origin 
to a rather later stage. 

While the spermatid nucleus is undergoing the changes 
just described, the whole cell is elongating, and important 
changes, which may have begun still earlier, are taking 
place in connection with the centrosome. During the sper¬ 
matocyte divisions, which usually follow each other rapidly, 
the centrosomes (centrioles) have remained conspicuous 
objects, generally lying near the edge of the cell, and in the 
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young spermatid, just after the last division, the centrosome 
is commonly just below the surface, and begins to grow out 
a filament which projects outside the cell-protoplasm. In 
some animals this outgrowth into a projecting filament may 
begin at an earlier stage; in Moths, for example, it occurs 
in the primary spermatocytes and the two centrosomes 
each develop two filaments, which separate from one another 
when the centrosomes divide for the second spermatocyte 
division (PL XI, 2 , 3). More commonly the filament is only 
developed after the last cell division is completed; it grows 
out rapidly, and at the same time the centrosome itself sinks 
in to the neighbourhood of the nucleus, and sometimes 
pushes in the nuclear membrane so as to appear as if en¬ 
closed within the nucleus. At first the filament growing from 
the centrosome is naked, but as the spermatid becomes 
converted into the spermatozoon its cytoplasm grows out 
along the filament and gives rise to the cytoplasmic sheath 
or fin surrounding the axial filament of the tail. The tail 
thus arises from a filament which grows out from the sper¬ 
matid centrosome and becomes clothed with a thin sheath 
of cytoplasm. The middle-piece at the same time originates 
chiefly from the centrosome itself and the thickened base 
of the axial filament, surrounded by part of the mito¬ 
chondrial apparatus next to be described (PI. X, a-g). 

The formation of the middle-piece and tail is not, how¬ 
ever, a simple growing out or lengthening of the cytoplasm 
of the spermatid around the axial filament produced from 
the centrosome, but is accompanied by important processes 
for the description of which it will be necessary to turn back 
to the earlier stages of spermatogenesis. In the young 
primary spermatocyte, when suitably stained, granules or 
strands may often be seen in the cytoplasm, especially in the 
neighbourhood of the centrosome. These bodies are the 





Explanation of Platf X. 

Above —Stages of the conversion of the spermatid into the spermatozoon in 
the Hemipteran Euschistus, after Montgomi ry (1911 a), [a) In the centre, 
nucleus with centrosome and axial filament; below, mitochondrial body; 
to the left, the “sphere.” ( b) The mitochondrial body is beginning to be 
drawn out along the growing axial filament; the sphere shows signs of 
division, (t), (A) Further stages of the same process, (<»), (/) The sphere 
has divided, and part of it gives rise to the acrosome. (g) Head of nearlv 
mature spermatozoon. 

Middle —Part of testicular tubule of Rat, showing Sertoli cells to which bundles 
of spermatozoa are attached. From Korschilt and Hiiihr, after Li N- 
HOSSFK. 

Below —So-called apvrenc spermatozoon of Vermetus, after Xl'SCHAKl witsch. 
The cell-body is filled with “albumen spheres 11 which are deposited after 
the chromatin of the spermatid has completely degenerated. The bundle 
of axial filaments (the full length of which is not represented) grow r s out 
from numerous centrosomes arising by multiplication of the spermatid 
centrosome. 
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mitochondria already shortly referred to in Chapter II. 
They were first observed in spermatocytes and spermatids, 
but have since been found in many other cells of various 
animals, especially in the embryo. To see them well the 
tissue must be preserved in a special manner, the most 
important point being that the fixative should contain no 
aceticacid. They stain well, but somewhat capriciously,with 
Heidenhain’s iron-haematoxylin, and particularly with 
Benda’s process .'In the spermatocyte, as the cell enlarges, 
the mitochondrial bodies increase in size, and are usually 
described as becoming definite threads of staining substance 
which frequently take the form of loops or rings. In both 
the spermatocyte divisions they may appear to be drawn 
out parallel with the spindle, in a somewhat irregular 
manner, and as the cell divides they are separated about 
equally into the daughter cells. In the young spermatid^ 
they unite to form a fairly compact mass near the nucleus 
at the side of the cell at which the tail will grow out 1 . In 
the stages for which Gatenby has proposed the name 
spermateleosis , that is, during the final development of the 
spermatozoon from the spermatid by the outgrowth of the 
cytoplasm along the axial filament (sometimes also called 
“ spermiogenesis ”), the mitochondrial mass becomes drawn 
out so as to form an elongated sheath enclosing the filament. 
Its final fate is uncertain, but will be shortly referred to 
below. 

In testes fixed by the usual methods (for example 
Flemming’s fluid, alcohol-sublimate acetic mixtures, etc.) 
designed especially for giving clear figures of the nucleus 


1 This mitochondrial mass (“mitosome”) constitutes the “Nebenkern” of 
some authors, but as the word has been used to designate the remains of the 
division-spindle ( u SpindelrestkOrper,” “ spindle-bridge the “idiozome” (or 
“sphere**) and other cell-structures, it is now dropping out of use. 
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and chromosomes, the mitochondria have such appearance 
as is described and figured by Meves (1900,1907), Mont¬ 
gomery (1911 a), and others. More recently, however, 
Gatenby (1917, 1918) has re-investigated the subject in 
Moths and Molluscs and concludes that the appearances 
commonly seen are deceptive in consequence of faulty 
fixation. He finds that fixatives containing acid or alcohol 
either destroy the mitochondria or distort them so badly as 
to make accurate observation impossible. He maintains 
that the long strands frequently seen, especially in dividing 
cells, have in most cases no real, existence, but are produced 
by the running together of bodies which are in life semifluid 
vesicles 1 . Some of his figures, taken from Moths, are repro¬ 
duced in PI. XI. -According to Gatenby the mitochondria 
appear in Lepidoptera as a cloud of granules partially en¬ 
circling the nucleus of the spermatogonium and early sper¬ 
matocyte. During the growth-phase the granules become 
hollow and filled with a non-staining substance; the vesicles 
so formed enlarge and show a tendency to coalesce, but the 
coalescence at this stage maybe due to the action of the fixa¬ 
tive. ''During the spermatocyte divisions the mitochondrial 
vesicles become separated, apparently passively, into the 
daughter cells; they may be drawn out along the length of 
the spindle and coalesce to elongated strands, which then 
break apart, but there is no regular division of the individual 
vesicles, nor is it clear that their separation into the daughter 
cells is at all closely controlled by the spindle mechanism. 
In the spermatid the mitochondria take on a new phase. 
The vesicles begin to flow together and form a tangle^ 
filament, derived from the outer staining layer of the 
vesicles, enclosing in its meshes a non-staining substance 

1 Paludina is an exception $ its spermatocytes have bent« rod-shaped 
mitochondria. 





Expianation of Pl\ti XL 

Mitochondria in the spermatogenesis of Lcpidoptcra, from Gati nuv. (Repro- 
duced by permission from Quart . Joum. Micr. Sci. lxii. 1917, Plates 23, 23.) 

1—3. Smerinthus populi ; 6, EuduTia jac obarae. 

1. Spermatogonium with mitochondrial granules ( MD ), around nuclear mem¬ 
brane. 

2. Primary spermatocyte with mitochondrial vesicles {AID), acroblasts (AH), 
and two centrosomes (C), with double axial filaments. 

3. First spermatocyte division. 

4. Spermatid showing mitochondrial vesicles coalescing to form the mitosome. 

5. More advanced spermatid. The mitosome has assumed the form of a 
spiral thread around the axial filament (El,). The acroblasts are applied 
to the nucleus as vesicles. 

6. Head of a later spermatid, well advanced towards a mature spermatozoon. 
The acroblast vesicles have coalesced to form the acrosome (AG). 

Explanation of lettering. 

AB , acroblast; AG , acrosome; AXE , axial filament; (A, proximal centrosorne; 
C 2 , distal centrosorne of spermatid, which passes down into the tail; CO, 
non-staining portion of mitosome; EL, axial filament; M, micromitosome; 
MD, mitochondria; N, nucleus; SP , mitochondrial spireme; XT, outline 
of neighbouring cells. 
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derived from their centres. The filament then arranges 
itself in a coil or spiral, and gives rise to the “mitochondrial 
spireme” (“macromitosome”), a conspicuous body lying 
immediately behind the nucleus of the now elongating 
spermatid. As the spermatid lengthens to form the sper¬ 
matozoon, the macromitosome is drawn out and wrapped 
round the axial filament, but it becomes so attenuated that 
it could not be determined whether it remained as a final 
constituent of the tail. 

In a number of Molluscs examined Gatenby finds the 
behaviour of the mitochondria in spermatogenesis to differ 
only in detail from that observed in Lepidoptera, with the 
exception that no mitochondrial spireme or macromito¬ 
some is formed, and the mitochondria pass as small vesicles 
into the tail of the spermatozoon. He describes, however, 
two other kinds of cytoplasmic bodies to which reference 
must be made. The first of these he names micro-mitochon¬ 
dria; they differ from the larger “macro-mitochondria” not 
only in their smaller size but also in always forming a 
sheath round the proximal end of the axial filament. Since 
in some species there is no difference in size, although the 
mitochondria become separated into proximal and distal 
groups, these bodies probably differ little from true mito¬ 
chondria. In some forms (for example the slug Arion) 
“post-nuclear granules” are also found. These granules 
differ from mitochondria in staining like chromatin with 
certain aniline dyes (toluidin blue); they appear in the 
spermatocytes in the neighbourhood of the nucleus, and 
form a dense ring just behind it in the spermatid. A third 
body, often known as the “Nebenkem,” which is conspicu¬ 
ous in Molluscs, will be referred to below. 

^. Some writers have ascribed great importance to the mito¬ 
chondrial bodies as a whole, and have supposed especially 

7 


D. C. 
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that they play a predominant part in the transmission of 
inherited characters. For this there is little evidence, and 
it seems more probable that their main function is nutri¬ 
tional, and concerned in spermatogenesis with the rapid 
transformation of the spermatid into the spermatozoon. 
They are usually most conspicuous in cells which are about 
to undergo differentiation, and some workers have regarded 
them as purely temporary structures, produced by the 
physiological condition of the cell, perhaps as reserves of 
nutritive material. It seems to be established, however, 
that they have the power of division and propagation like 
the plastids of plant cells, and with our present very im¬ 
perfect knowledge it seems best to regard them as living 
structures, of the nature of cell-organs, which may multiply 
and become conspicuous at times when rapid intracellular 
differentiation is about to take place. That they are inti¬ 
mately associated with cell-metabolism may be inferred from 
Montgomery’s observation (1911 a) on the Hemipteran 
Euschistus, that in the spermatogonial nucleus part of the 
chromatin is always in contact with the membrane in one 
area, forming a “chromatin-plate,” and that although the 
position of this plate varies, with respect to the rest of the 
cell, in different cells, the mitochondria and “idiozome” 
(dense protoplasm equivalent to Gatenby’s archoplasm) 
always appear in the region of the chromatin-plate. This 
suggests that the mitochondria arise or at least multiply in 
connection with a process of nucleo-cytoplasmic reaction. 
Montgomery (1912) also maintains that in Peripatus the 
whole mitochondrial body is thrown out of the spermatid 
before its transformation into the spermatozoon is quite 
complete, a fact impossible to harmonise with the belief 
that mitochondria transmit hereditary characters. 

/ The fate of the mitochondrial body of the spermatozoon, 
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like that of the Golgi apparatus to be mentioned below, 
varies in different cases. In Ascaris , which has a spermato¬ 
zoon with a considerable cell body, the mitochondria are 
carried over into the egg and there multiply and doubtless 
provide part of the mitochondrial apparatus of the embryo. 
In Echinoids, as Meves has shown, the mitochondrial body 
is carried into the egg as the “middle-piece,” which is 
recognisable to a late stage of segmentation by appropriate 
staining as a distinct granule, but takes no apparent part 
in development; and lastly, if Montgomery is correct, the 
mature spermatozoon of Peripatus is without mitochondria. 
All this points to their being functional in spermatogenesis 
rather than as being bodies transmitted by the spermato¬ 
zoon for the needs of the embryo. 

The last element in the spermatozoon of which the origin 
must be described is the acrosome, about which there has 
been great divergence of opinion. According toMoNTGOMERY 
it arises from a body which appears in the spermatid after 
the second spermatocyte division, and has been called by 
various writers the sphere or idiozome. The word sphere, 
however, has often been used as equivalent to centrosphere, 
that is, the outer layer of “archoplasm” (Boveri) enclosing 
the centrosome, and although the “sphere” of the spermatid 
is described in some cases as developing in close relation 
with the centrosome, in others there is no such connection, 
so that the two structures are probably quite distinct. The 
word “idiozome” introduced by Meves is therefore more 
satisfactory, but it is by no means certain that the idiozome 
of the spermatid is in any way equivalent to the body 
which Montgomery calls by that name in the spermato¬ 
gonia (see p. 98). The idiozome or sphere, then, arises 
in the spermatid usually, but not necessarily, near the cen¬ 
trosome, and therefore usually in a position Which would be 


7—2 
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behind the nucleus in the mature spermatozoon. As the 
tail grows out and the spermatid elongates, the idiozome 
gradually travels forward, so that by the time when the 
nucleus is being converted into the head of the spermato¬ 
zoon the idiozome is in front of it and in close contact with 
its anterior pole, where it becomes concentrated and pointed 
in shape and gives rise to the apical body or acrosome. 
Usually the whole idiozome is described as being converted 
into the acrosome, but in Euschistus Montgomery finds 
that it divides into two parts, one of which travels forward 
to form the acrosome while the other remains be hi nd the 
nucleus and seems eventually to disappear (PI. X, a-f). 

In Lepidoptera, however, Gatenby (1917 a) has given an 
entirely different account of the origin of the acrosome. In 
the primary spermatocytes he finds deeply stained rod-like 
bodies which from their subsequent fate he names acro- 
blasts; they are usually curved with their concave sides 
lying toward the nucleus, and lying in parts of the cyto¬ 
plasm free of mitochondria. Their number varies somewhat 
in different species. In the spermatocyte divisions they be¬ 
come distributed to the daughter cells, and their movements 
appear to be more definitely controlled by the astral rays 
than those of the mitochondria. In the spermatid they be¬ 
come first hemispherical, with a non-staining centre, and 
then round hollow vesicles. The vesicles, which in Smerin- 
thuspopuli are from three to five in number in the spermatid, 
arrange themselves around the nucleus and then become 
adherent to it. At the point at which each vesicle touches 
the nucleus a staining granule is formed, and as the sperma¬ 
tid nucleus contracts to form the head of the spermatozoon 
the acroblast vesicles coalesce, and the contained granules 
unite to form a single body which gives rise to the acrosome 
(Pl. XI, 3-6 AB , AG). 
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Gatenby’s later papers (1919 b, c) bring these and other 
observations on the acrosome into a comprehensive scheme 
by indicating that the acroblasts of Lepidoptera, and 
possibly the acrosome generally, belongs to the Golgi 
apparatus. The acroblasts are at first Golgi rods, of the 
typical crescent shape, and with the typical relation to the 
mitotic spindle. In the later stages they become vesicular, 
and appear to unite to produce the acrosome as described. 
In Molluscs (Gatenby, 1917 b, 1918 a) the Golgi rods of the 
spermatocyte are at first very similar, but in the spermatid, 
instead of becoming attached to the nucleus at the anterior 
end of the developing spermatozoon, they arrange them¬ 
selves around a dense “archoplasmic” mass behind the 
nucleus, and with it constitute the so-called “Nebenkern.” 
As the spermatid elongates, this Nebenkern, consisting of 
Golgi rods and archoplasm, passes gradually down the tail 
and appears finally to be sloughed off. Meanwhile a small 
acrosome, of unknown origin, appears at the anterior side 
of the nucleus; by analogy with the Lepidoptera it seems 
possible that further investigation may show that this is 
derived from a portion of the Golgi apparatus separated off 
from the rest. Like the mitochondria, therefore, the Golgi 
bodies, while possibly deserving the name of cell-organs, 
appear to be concerned with cell-differentiation, and can 
hardly be considered as specific structures having an invari¬ 
able function, since their fate differs so widely in sperma¬ 
tozoa of different animals. 

The rather complicated processes which take place in the 
later stages of spermatogenesis may be summarised as 
follows. The greater part of the head consists of the nucleus 
which develops directly from that of the spermatid by a 
process of contraction and concentration. The acrosome is 
described in some forms as arising from a mass of denser 
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protoplasm known as the idiozome, but in Lepidoptera 
from rod-like bodies belonging to the Golgi apparatus, which 
become vesicular, coalesce around the nucleus, and produce 
the acrosome.' The centrosome of the spermatid sinks in to 
the neighbourhood of the nucleus, grows out a long filament 
which forms the axial fibre of the tail, while the centrosome 
itself is the chief constituent of the middle-piece. In the 
primary spermatocyte, and sometimes earlier, mitochon¬ 
drial granules appear as a cloud around the nucleus; they 
multiply, enlarge, become vesicular, and (possibly in con¬ 
sequence of defective fixation) may coalesce into strands. 
They become passively distributed during cell division, and 
in the spermatid either unite to form a definite “mitosome,” 
or may remain as a compact group of vesicles. As the 
spermatid elongates, the mitochondrial mass is drawn out 
and forms a sheath around the axial filament of the middle- 
piece and tail. Whether it is carried into the egg, or becomes 
absorbed, or, as has been maintained in at least one case, 
thrown off, appears to vary in different animals. In addition 
to the mitochondria, various other bodies have been de¬ 
scribed, the nature of which is not less obscure. The chief 
of these is the so-called “Nebenkern,” which seems, like the 
acrosome, to be derived from the Golgi apparatus and to be 
closely connected with the “idiozome” of Meves —a body 
probably identical with Gatenby’s “archoplasm.” For the 
fuller elucidation of the origin and fate of these structures, 
it seems clear that improvements in the technique of fixing 
and staining are essential. It should be noted that at least 
both mitochondria and Golgi apparatus also occur in the 
earlystages of the developing egg and maybe very abundant 
in the mature egg, but our knowledge of the finer details of 
oogenesis is even more defective than that of the develop¬ 
ment of the spermatozoon. 



ABNORMAL SPERMATOZOA 


103 


vii] 

Finally, it should be mentioned that Goldschmidt (1915) 
has shown, by growing spermatocytes and spermatids of 
Moths in artificial cultures outside the body, that the 
development of the spermatozoon is dependent on the 
osmotic relations of the cells as controlled by the follicle 
membrane in which the sperm-cells are enclosed. .And he 
makes the interesting suggestion, supported by some ex¬ 
perimental evidence, that the abnormal spermatozoa, con¬ 
stantly found in a number of Moths and Prosobranch 
Molluscs, are produced by failure of the follicle membrane 
to provide the necessary conditions for proper development. 
In these species certain follicles become abnormal at an 
early stage of the spermatocytes, and all the cells in the 
follicles develop abnormally. In the molluscs some of the 
nuclear matter, and in the moths all of it, is extruded giving 
rise to so-called oligopyrene and apyrene spermatozoa, which 
are apparently functionless 1 (cf. PI. X). They develop chiefly 
in rather old testes, and in Moths, as Goldschmidt has 
shown, are especially abundant in hybrids in which the male 
characters are largely reduced. The explanation that they 
are due to abnormal conditions consequent upon the failure 
of the follicle membrane to supply the necessary conditions 
seems more probable than any of the numerous other 
speculations that have been advanced. 

Before passing on to consider the development of the 
ovarian egg, a short space may be devoted to some accessory 
structures in spermatogenesis found in a number of animals. 
Frequently not all the primitive germ-cells give rise to 
spermatozoa; some of them are used up in producing 
accessory cells of various sorts. In mammals, for example, 
among the spermatogonia which line the seminiferous tu¬ 
bules of the testis, there are placed at intervals Sertoli cells 

1 Cf. Mma (1903), Kuschakewitsch (1913), Gatenby (1917a). 
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which have been shown by Montgomery (1911 b) to be de¬ 
rived by a differential division from the primitive spermato¬ 
gonia (cf. PI. X). The manner of their differentiation will be 
described in Chapter XII; their function appears to be 
to act as nutrient cells for the developing spermatozoa, 
bundles of which become attached to them. In some insects 



Fig. 15. Verson’s cell in testis of a butterfly (Pierir brassicae) surrounded 
by developing spermatocytes. 

a. Synizesis $ b. emergence of chromosomes from synizesis. 
c. Growing spermatocytes becoming arranged in cysts. (Writer’s 
preparation.) 

■each compartment of the testis contains a large Verson's 
tell, around which the spermatogonia are aggregated, and 
which in the same way appears to serve as a channel for the 
supply of nutriment to the sperm-cells. In a number of 
invertebrates the spermatozoa develop in connection with 
p protoplasmic mass known as a cytophore, from which the 
spermatogonia are produced by repeated nuclear division* 
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giving rise to a large central mass surrounded by a layer of 
smaller spermatogonia, and later of spermatocytes and 
spermatids. The cytopho're itself is non-nucleated, and 
seems to serve both for the supply of nourishment and for 
a point of attachment for the spermatozoa until they are 
mature. This development of spermatozoa by means of a 
cytophore is well known in the earthworm, in which the 
primitive germ-cells are discharged from the testis at an 
•early stage, and the whole of the later spermatogenesis takes 
place in the seminal vesicles. 

2. Oogenesis 

The development of the egg in different animals is much 
less uniform than that of the spermatozoon, in consequence 
of their relatively great variability in size, structure and 
amount of yolk in different eggs, and only an illustrative 
account of some typical features can be given here. An egg 
before fertilisation is usually a moderately or very large 
cell containing a variable amount of yolk and enclosed in 
some kind of membrane. The nucleus before the maturation 
divisions is commonly large and vesicular, and nearly 
always has a conspicuous nucleolus; it may be situated 
either near the centre of the egg, or, especially when there 
is much yolk, near the surface in a patch of protoplasm free 
from yolk granules. The egg is often enclosed in a very 
delicate vitelline membrane, though it may be naked, and 
outside this there is frequently some sort of outer covering 
or shell (e.g. the chorion of insects or zona radiata of verte¬ 
brates), which may belong to the egg itself or be produced 
by the surrounding follicle cells. When this outer covering 
is present before fertilisation, it is usually pierced by a 
•micropyle, a fine canal, at the pole of the egg nearest to the 
nucleus, by which the spermatozoon enters. Not infrequently 
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there is in addition a true shell which is secreted by the 
oviduct after the egg has left the ovary. 

The yolk consists of granules which may be of more than 
one kind; they may be scattered in the protoplasm with no 
definite arrangement, or, especially when the yolk is abund¬ 
ant, may be disposed in zones. The yolk-granules of some 
species stain deeply with chromatin stains, a fact which 
may occasionally lead to confusion in studying the nuclear 
divisions in the egg, if care is not exercised. In a variety of 
animals a body known as the yolk-tiucleus (“Dotterkem ”) 
has been described, which may persist to a late stage of 
segmentation as the egg develops. Its function is uncertain 
and there has been considerable discussion as to its origin 
and nature. Munson concludes that most of the bodies 
described as “yolk-nuclei” are in reality the persistent 
centrospheres of the egg, though the reason for their per¬ 
sistence in this way remains obscure, and further investi¬ 
gation is needed. In a few cases the body is of a different 
character, and appears to be a true nucleus which has 
migrated into the egg from one of the surrounding follicle 
cells. 

Some account of the so-called “organ-forming sub¬ 
stances” which are present in many eggs will be given in a 
later chapter. 

The chief points that require some consideration in the 
development of the egg, apart from the history of the 
nucleus which has already been described, are the deposi¬ 
tion of the yolk and the formation of the egg-membranes. 
In many species no special provision for the supply of yolk 
to the developing egg seems to be present; the oocytes 
gradually increase in size in the ovary and as they do so 
yolk-granules begin to appear in their cytoplasm. In such 
cases the substances from which the yolk is formed must 
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presumably reach the egg by osmosis or by transference 
from the surrounding cells. In some animals it has been 
observed (e.g. in Medusae, Echinoderms and Tunicates by 
Schaxel) that during the early stages of the yolk-deposition 
chromatin is emitted from the nucleus into the cytoplasm, 
and it is supposed that this chromatin plays an important 
part in the formation of the yolk and other substances of 
the egg. It should be mentioned, however, that other 
observers have interpreted somewhat similar appearances 
in the opposite way, and regard the chromatin granules 
seen in the cytoplasm around the nucleus at various stages 
of cell-differentiation as chromatin which is being formed, 
and which will then be absorbed into the nucleus. It has 
also been maintained that Schaxel’s granules are not 
chromatin, but are mitochondrial in nature, and appear, no 
doubt in connection with the nucleus, at periods of special 
metabolic activity, for the process only takes place just before 
substances are deposited in the cytoplasm, as for example in 
the growing oocyte before the yolk appears, and in the 
Echinoid mesenchyme when the calcareous spicules are 
about to develop. 

Although the production of yolk without any special 
external mechanism is not rare, a large number of animals 
have definite organs or methods for the supply of the yolk 
to the growing oocyte. One of the commonest of these is 
by accessory cells generally known as nurse cells , which are 
often derived from oogonia indistinguishable at first from 
those which will grow up into true oocytes. (These nurse 
cells supply nourishment to the growing eggs in various 
ways. A frequent method is by means of an egg-follicle, 
consisting of an envelope of cells enclosing the oocyte. At 
first these cells are not conspicuously different from the 
oocyte itself, especially when they arise from oogonia, but 
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gradually the oocyte increases in size while at the same time 
the follicle cells become smaller, and seem not only to act 
as channels for the supply of nutriment to the oocyte, but 
also themselves to be used up in providing it. As was men¬ 
tioned in the previous chapter, in some insects at least these 
nutritive cells undergo all the earlier stages of the meiotic 
phase, and only after reaching the pachytene stage become 
differentiated from the oocytes which they surround, while, 
at the same time the double chromosomes of their nuclei 
break up into their univalent components. In insects there 
are three distinct types of arrangement of the nutritive 
cells (cf. Text-fig. 8, p. 74). The ovary consists of elongated 
strands or egg-tubes, with oogonia or young oocytes at the 
narrow apex, and the older eggs arranged in regular order 
one behind the other to the lower end, where the tube is 
continuous with the oviduct. In some insects, for example 
Orthoptera, the eggs are enclosed in simple follicles, which 
doubtless supply nourishment to them in their early stages, 
and secrete the shell or chorion when they become full-sized. 
In others, for example Coleoptera and Hymenoptera, each 
egg is separated from the next by a group of nutritive cells, 
so that the eggs and groups of nurse cells alternate along 
the tube. Finally, in the Hemiptera there is a single large 
mass of nutritive cells near the apex of the egg-tube, and 
all the growing oocytes are connected with this by long 
strands, along which the nourishment flows from the nurse 
cells to the egg. 

A peculiar condition occurs in Hymenoptera, and possibly 
some other insects, during the deposition of yolk in the 
growing egg. Numerous small nuclei appear in the yolk, 
especially around the edge of the egg, and presumably are 
concerned with the process of yolk-deposition. Gatenby 1 

1 See also Buchner, 1918. 
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finds that these nuclei arise from minute chromatin granules 
which increase in size and become vesicular, and that the 
granules themselves are originally extruded from the egg- 
nucleus at an earlier stage. 

A process which is similar in essentials to that found in 
insects occurs in many Crustacea, in which some oocytes 
grow at the expense of the rest and completely use them 
up as they develop into mature eggs. One of the most 
extreme cases of the kind is seen in the Annelid Ophryo- 
trocha where the eggs develop in the coelom. In this animal 
each young oocyte has attached to it a single nurse cell, 
which is at first larger than the oocyte, and has an enormous 
nucleus; gradually, however, the egg absorbs the substance 
of the nurse cell, until only a shrivelled vestige of it remains 
attached to the full grown egg. 

Finally, it should be recalled that in the Platyhelminthes 
the egg itself is without yolk, but the yolk is provided by 
special glands which open into the oviduct or vagina. The 
fully formed egg there becomes surrounded by a mass of 
yolk-cells, and a shell is secreted by glands around the 
whole group. The “egg” of Platyhelminthes is thus a com¬ 
plex body consisting of a small ovum embedded in yolk- 
cells and the whole enclosed in a shell. 

The outer coverings of various eggs differ greatly in 
different animals, as might be expected in view of the widely 
varying circumstances in which the eggs begin their develop¬ 
ment. In a number of marine invertebrates the egg is 
naked, or is covered only by a soft gelatinous envelope 
which is easily penetrated by the spermatozoon. Such eggs 
are generally shed into the water and fertilised by spermato¬ 
zoa similarly discharged by the male. In Echinoids eggs of 
this lrind secrete a membrane immediately after being fer¬ 
tilised. Many aquatic and most terrestrial animals have 
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not only a thin vitelline membrane but also a stronger 
outer covering. The vitelline membrane is usually if not 
always part of the ovum, but the outer covering (often 
called the shell, though a true egg-shell has a different 
origin) is most frequently secreted by the follicle cells of 
the ovary, although in several instances, for example the 
zona radiata of Vertebrates, its origin is uncertain, and it 
also is possibly produced by the egg itself. Finally in a 
considerable number of animals a true shell is secreted by 
glands in the oviduct after the egg leaves the ovary, as, for 
example, in Elasmobranch fishes, Reptiles, Birds, and 
among Invertebrates in many Molluscs, some Crustacea, 
etc. Not rarely there may be an albuminous envelope, 
either naked or enclosed in the shell, as in Amphibia and 
Birds. 
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CHAPTER VIII 


Fertilisation and Segmentation 

T he details of the process of fertilisation are hardly 
less varied than those of the structure of the egg itself, 
although its essential features are practically constant 
throughout the animal kingdom. With rare exceptions the 
egg is fertilised after it leaves the ovary, but the entrance 
of the spermatozoon may take place in the oviduct or 
uterus or after the egg is discharged, according to the 
species. In some animals the spermatozoon enters before e 
the maturation (polar) divisions of the egg, in others after 
the first division but before the second, and in others again 
after both divisions are completed. Frequently only one 
spermatozoon normally enters each egg, but in a number of 
animals several constantly penetrate into the egg, although 
only one conjugates with the egg-nucleus and the rest either 
degenerate or in Elasmobranchs and Reptiles may form the 
nuclei of the “vitelline syncytium” around the edge of the 
germinal disc 1 . The normal entrance of more than one 
spermatozoon occurs chiefly in eggs rich in yolk, for example 
in Insects, Elasmobranchs, Reptiles, etc. In eggs which are 
provided with an outer covering before they leave the ovary 
the spermatozoon enters by the micropyle, in naked eggs 
it can often penetrate the surface at any point, though there 
may be a special region for its reception. It is uncertain 
whether the spermatozoa are attracted to the egg by some 

1 In Bats, according to Koh lbrugge, several spermatozoa enter the egg, and 
while one conjugates with the egg-nucleus others fuse with the nuclei of the 
felaftomercs during segmentation. This observation requires confirmation. 
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secretion, such as is known to be produced by the archegonia 
of Mosses and Ferns, or whether they meet the egg by 
chance; it is usually assumed that the egg exercises some 
attractive influence, probably of a chemical nature. It is 
at least certain that the eggs of Echinoderms secrete a 
substance which greatly increases the activity of the sper¬ 
matozoa of the same species. It is also known that the 
spermatozoon will enter a mature egg, or even a non- 
nucleated fragment of one, in those species in which the 
maturation divisions normally take place before the sper¬ 
matozoon enters, while it will not penetrate into an egg 
which is not yet ready to be fertilised. 

When a spermatozoon comes in contact with a naked egg, 
and sometimes at least when it reaches the egg itself if an 
outer covering is present, the surface of the egg-protoplasm 
rises to meet it in the form of a small eminence known as 
the reception cone (PI. XII, A-E). The formation of this 
conical projection of the egg-protoplasm may be a surface- 
tension phenomenon, due to an alteration of the surface 
tension at the point where the spermatozoon touches the 
egg. The head of the spermatozoon is drawn into the proto¬ 
plasm of the reception cone, and in some cases the tail is 
separated off; in others the whole spermatozoon enters the 
egg. In Echinoderms immediately after the spermatozoon 
touches the surface of the egg a delicate membrane is 
formed from the egg surface (the so-called vitelline or fer¬ 
tilisation membrane); its production begins in the region 
immediately around the point of entrance of the spermato¬ 
zoon, but rapidly travels over the surface of the egg, so that 
in an extremely short time the egg is enclosed in a membrane 
which is separated by a space containing fluid from the 
surface of the egg. Although the formation of the fertilisa¬ 
tion membrane of Echinoderms can be produced artificially 
by certain reagents, the mechanism whereby it is formed is 




Kxplxnation or Plati XII. 


Entrance of the spermatozoon into the egg and its conjugation with the egg- 
nucleus in the Sea-urchin Toxopncustcs, after VViuson and Li amino. 

The fertilisation membrane is not represented. 

A. Sperm-head before entrance; N, nucleus; M, middle-piece. 

B. Immediately after entrance, showing reception-cone. 

C — F. Rotation of sperm-head and formation of sperm aster in connection 
with middle-piece. (F was drawn 3 A minutes after the first entrance.) 

G t H. Stages corresponding with D and E, drawn in greater detail (C re¬ 
ception-cone). 

I, J. Approach of the two nuclei to each other (E egg nucleus, S, S sperm- 
heads outside the egg). 

K y L . Conjugation of the two nuclei. 

The magnification of figs. /—L is about one-quarter of that of A — H. 

The figures on Plate II form a continuation of the series shown on Plate XII. 
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still somewhat uncertain. It is fairly clear, however, that 
the extrusion of the membrane is due to the hydration of a 
protein which lies immediately below the membrane itself. 
The origin of the membrane is more doubtful 1 . 

Although it is often said that the fertilisation membrane-, 
has the function of preventing the entrance of more than 
one spermatozoon, it does not provide the only means by 
which polyspermy is prevented, as is proved by the fact 
that if a fertilised egg is cut in two, and the membrane 
destroyed, the halves do not allow the entrance of additional 
spermatozoa, while these readily enter the halves of an 
unfertilised egg. This change in the condition of the egg 
appears to arise from the influence exerted by the centro- 
some which is introduced by—or at least formed in con¬ 
nection with—the middle-piece of the spermatozoon. As 
has been described in Chapter IV, around the centrosome 
an aster develops. When several spermatozoa enter an egg 
simultaneously, as may happen when the sperm is concen¬ 
trated, or if the egg has been treated with an anaesthetic, 
an aster develops in connection with each, and these 
asters appear to repel one another so as to divide the proto¬ 
plasm of the egg among them, without any overlapping. 
Each centrosome and aster, in fact, seems to take possession 
of the area of protoplasm around it, and make it impene¬ 
trable either to another spermatozoon or to the rays of 
another aster. In an ordinary monospermic egg the same 
thing happens; the single centrosome “takes possession” 
of the whole egg and it then becomes impenetrable to any 

1 Some investigators maintain that the membrane is not formed at fertilisation! 
but that a pre-existing membrane is separated from the egg by a “wave of con¬ 
traction** accompanying the expulsion of waste substances from the egg conse¬ 
quent on the stimulus and resulting change of permeability induced by the 
entrance of the spermatozoon* The membrane after fertilisation! however! must 
have a different consistency! for it is then impermeable to spermatozoa* For a 
discussion of this subject see Bracket (1917) and Gray (19aa). 
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later spermatozoa. It has also been maintained that the 
fluid between the egg and the membrane has an agglutin¬ 
ative effect upon spermatozoa, and inhibits the movement 
of any which may have penetrated within the membrane. 

In a number of animals only the head and middle-piece 
of the spermatozoon enter the egg; in others the whole 
spermatozoon penetrates into it, but the tail soon breaks 
off. The head and middle-piece then rotate, so that the 
middle-piece precedes the head as they sink deeper into the 
egg substance. Round the middle-piece radiations then 
begin to appear in the egg-protoplasm, and the middle-piece 
is either converted into the centrosome which will give rise 
to the spindle of the first segmentation division, or, accord¬ 
ing to some investigators, the centrosome arises from the 
interaction of the middle-piece and the egg cytoplasm (PI. 
XII, M). 

From this stage onward the details of the process of 
fertilisation differ somewhat according to whether the egg 
is one of those which undergoes its maturation-divisions 
before or after the entrance of the spermatozoon. If the 
maturation-divisions have already taken place before the 
spermatozoon enters, as for example in Echinoids, the egg- 
nucleus is ready immediately for fertilisation. In such eggs 
the sperm head, preceded by the middle-piece or developing 
centrosome, sinks rapidly into the egg, at first towards the 
centre, and then, if the egg-nucleus is excentric, towards the 
egg-nucleus; as the sperm head approaches, the egg-nucleus 
also begins to move to meet it. Especially in yolky eggs, 
the sperm head, as it sinks into the egg, leaves behind it a 
definite track in the egg substance, so that the course which 
it has followed remains visible. 

Hie nature of the attraction between the two nuclei is 
quite unknown. As it sinks in, the sperm head begins to 
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swell, becomes vacuolated, and gradually assumes the form 
of a nucleus. In eggs in which the egg nucleus is ready for 
fertilisation before the spermatozoon enters, the sperm 
nucleus (sometimes called the “male pronucleus”) often 
reaches the egg nucleus before it has reached its full size, 
and in this case the two nuclei come into contact and unite 
to form a single large zygote nucleus. If the sperm nucleus 
is still small as compared with the egg nucleus this conjuga¬ 
tion may have the appearance of the small sperm nucleus 
being absorbed into the larger egg nucleus. In such eggs 
the development of definite chromosomes only takes place 
after the union of the two nuclei, and they then appear, of 
course, in the double (somatic) number, half being derived 
from each parent. The centrosome derived from the middle- 
piece of the spermatozoon also only divides after the two 
nuclei have come into contact, and the spindle of the first 
segmentation division arises when the membrane of the 
zygote nucleus disappears (PI. XII, J, K, L ). 

In a large number of animals the polar divisions of the 
egg only take place, or are only completed, after the 
spermatozoon enters it. Sometimes the whole of the matura¬ 
tion division is subsequent to the entrance of the spermato¬ 
zoon; often the first polar Spindle is already developed, but 
the entrance of the spermatozoon seems to provide the 
necessary stimulus for the completion of that division and 
for the formation of the second polar body. In other species, 
again, the first polar body has already been formed but the 
second division occurs only when the spermatozoon is 
present. In all these cases the egg nucleus is not ready for 
conjugation when the spermatozoon penetrates the egg 
surface, and the subsequent behaviour of the spermatozoon 
is therefore somewhat different from that described above. 
In eggs of this kind the spermatozoon penetrates for some 

8—3 
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distance into the egg and then stops; there appears to be no 
attraction between it and the egg nucleus at this stage, and 
it waits until the egg nucleus is ready. As it does so it 
increases in size until it becomes a large vesicular nucleus, 
and the chromatin separates out into definite chromosomes 
which appear in the reduced number. The centrosome, 
derived from the middle-piece, meanwhile divides, and 
between the two centrosomes so produced a spindle arises 
in the neighbourhood of the sperm nucleus. While these 
changes have been in progress in the spermatozoon, the 
egg nucleus has been completing its maturation, and when 
this has happened the mature nucleus shows a definite 
attraction for the sperm nucleus, and begins to travel 
towards it. The two nuclei, now alike in size and appearance 
and each containing the reduced number of chromosomes, 
thus come together, usually from opposite sides of the 
spindle formed between the two centrosomes, and as they 
come into contact their membranes dissolve and they give 
rise to two groups of chromosomes, which arrange them¬ 
selves in the equator of the spindle. In these cases, there¬ 
fore, no complete conjugation of the egg and sperm nuclei 
as such takes place; the two nuclei break down into groups 
of chromosomes before uniting; and the intermingling of 
the paternal and maternal chromosomes takes place only in 
the anaphase of the first segmentation division (cf. PI. III). 
In some animals, for example in Copepods, it has been 
described as taking place even later, for the two groups of 
chromosomes travel to the poles separately, and these give 
rise to nuclei which are still recognisably double, so that 
the paternal and maternal portions of each of the first two 
segmentation nuclei are still quite distinct (cf. PL XXII, 
lower series a, b). 

It is clear, however, that the differences between the two 
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^types of fertilisation are all differences of detail. In essen¬ 
tials the process of fertilisation is uniform throughout the 
animal kingdom; it consists in the coming together of two 
nuclei derived from the two parents, and the mingling and 
division of their substance in such a way that the chromo¬ 
somes from each parent are equally represented in both 
the daughter nuclei produced by the first segmentation 
, division. 

Some discussion of the relation of fertilisation to the 
initiation of development in the egg will be given in con¬ 
nection with the subject of Artificial Parthenogenesis in a 
later chapter. It will be convenient, however, here to 
devote a few lines to the early segmentation divisions which 
normally follow immediately after the conjugation of the 
sperm and egg nuclei. The zygote nucleus, as has been said, 
divides immediately, but the nature of the division of the 
cell varies greatly according to whether the egg is poor or 
rich in yolk. In an egg with relatively little yolk, as for 
example in Mammals, Amphibia, Echinoderms and many 
other Invertebrates, a complete cell-division takes place 
immediately after the nuclear division, separating the egg 
into two blastomeres which are only loosely connected with 
each other. These two blastomeres are usually of equal 
size, though in some forms one is large, containing most of 
the yolk, and the other small. The position of the first 
cleavage plane nearly always has some definite relation to 
the orientation of the parts of the future embryo, and most 
frequently corresponds with its sagittal plane, dividing the 
egg into right and left halves. It is evidently of importance, 
therefore, to discover what determines the position of this 
first cleavage plane, and whether it depends on the structure 
of the egg alone, or may be affected by the spermatozoon. 
The same problem arises in eggs in which the cleavage is 
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partial, as happens when a large amount of yolk is present, 
at least in the case of telo-lecithal eggs such as those of 
Vertebrates and Cephalopods, in which the greater part of 
the protoplasm is at one pole and in which the cleavage 
furrows divide the polar cap of protoplasm but do not ex¬ 
tend far into the yolk. The problem in centro-lecithal eggs, 
characteristic of Arthropods, is somewhat different, and 
will be.considered later. 

In many eggs in which the first cleavage plane has a 
definite relation to the position of parts in the future em¬ 
bryo it is undoubtedly true that this orientation of the 
embryo depends on the pre-existing structure or polarity of 
the egg, and in these the position of the first cleavage plane 
is also determined by the same causes. In a number of eggs, 
however, there is no such complete predetermination. It is 
maintained by Driesch and others that eggs of this type are 
equipotential systems, that is to say, they are not differenti¬ 
ated before fertilisation into regions of different potentiality, 
and any part of the egg is capable of giving rise to any part 
of the embryo. It is doubtful whether any egg exists which 
is not to some extent differentiated into different regions, 
but experiments in separating blastomeres after the first or 
second cleavage division show that in a number of eggs each 
of the first four blastomeres can give rise to a perfect larva, 
and that therefore the differentiation of parts in the embryo 
cannot be due solely to pre-existing arrangements of “organ¬ 
forming” substances in the egg. Eggs of this type bring to 
out notice in a striking manner one of the fundamental 
problems of biology, the problem of the differentiation by 
division of a cell in which the parts are equipotential into 
an embryo in which the parts are conspicuously different. 
Most commonly, under natural conditions, the first step of 
this process is the division of the egg into two blastomeres 
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which will form the right and left halves of the embryo, 
although experiment shows that in eggs of this kind each of 
these blastomeres has in it the potentiality of producing a 
whole embryo if they are artificially separated. What, then, 
determines the position of the first cleavage plane? The 
plane of cell-division is always perpendicular to the axis of 
the mitotic spindle, and this in turn depends on the position 
of the centrosomes. In an egg which is truly equipotential 
there would appear to be only one factor which could 
determine what position the centrosomes shall take up; 
this factor is the entrance path of the spermatozoon. As 
the sperm nucleus travels towards the egg nucleus the 
centrosome derived from the accompanying middle-piece 
divides and the daughter centrosomes diverge in a line at 
right angles to the entrance path; since, therefore, the plane 
of cytoplasmic division is at right angles to the line joining 
the centrosomes it must coincide with the entrance path of 
the sperm nucleus, if this is straight, and even if it is curved 
the division plane has a definite relation to it. In the 
majority of eggs there is a definite polarity, but all meridians 
running through the two poles are alike, and in eggs of this 
type, as was shown by Roux in the Frog, the first cleavage 
plane runs through the poles, but its meridian is usually 
determined by the path of entrance of the spermatozoon. 
Subsequent investigators (Brachet and others) found that 
in the .Frog the first cleavage plane does not always coincide 
with the sagittal plane of the embryo; in about 70 per cent, 
of the eggs it does so, but in the remainder it is either at 
right angles to it or inclined to it at a varying angle, often 
approaching 45 °. Although, however, the first cleavage 
plane is variable in position, the entrance path of the 
spermatozoon nevertheless always determines the plane of 
bilateral symmetry of the embryo, for the substances of 



120 SEGMENTATION [ch. 

the egg undergo re-arrangement immediately after the en¬ 
trance of the spermatozoon in such a way as to give the 
egg a bilateral symmetry, and the meridian of symmetry 
always coincides with the subsequent sagittal plane of 
the embryo, whether the first cleavage plane does so or 
not. Roux showed that although the first cleavage plane 
of the Frog usually includes the entrance path of the 
spermatozoon it is easy to alter this arrangement by 
compressing the egg in a glass tube, in accordance with 
the law of cytoplasmic division mentioned in Chapter III, 
and presumably in the relatively small proportion of 
naturally developing eggs in which the two planes do not 
coincide, the re-arrangement of the materials of the egg 
consequent on the entrance of the spermatozoon takes place 
in such a way as to involve an alteration in the position of 
the first cleavage spindle similar to that induced by com¬ 
pression. 

In the second and later segmentation divisions the ar¬ 
rangement of the cleavage planes depends on the law just 
referred to—that the spindle takes up its position in the 
longest axis of the cell-protoplasm as distinct from yolk. 
In eggs in which there are materials of different sorts, these 
become segregated sooner or later into separate blastomeres 
or groups of blastomeres, and it is pointed out by Brachet 
that during segmentation there is no true cell-differentia¬ 
tion, in the sense of the production of new structures in 
some of the cells, but only “a cutting up of the egg into 
smaller and smaller territories 1 ” which differ from one 
another in including different parts of the original egg 
materials. The relation of this segregation of the egg 
materials into separate blastomeres to true cell-differentia¬ 
tion will be referred to in a later chapter. Apart from its 

1 Bracket, 1917, p. 259. 
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connection with differentiation of parts, the actual pattern 
or arrangement of the blastomeres in a segmenting egg is a 
matter of interest. It appears that this follows the law of 
minimal area of surface contact, according to which any 
system of liquid films is compelled by surface tension to 
arrange itself so that the sum of the free surface is reduced 
to a minimum. Where this law appears to be broken, the 
cause is probably to be sought in the different consistency 
of different parts of the egg 1 . 

All the examples of segmentation mentioned hitherto have 
been drawn either from eggs having total cleavage, or from 
telo-lecithal eggs in which a polar blastoderm is formed. 
Especially among the Arthropods a different type of cleav¬ 
age is found, known as centro-lecithal. In these eggs the 
yolk forms a central mass and is enclosed in a sheath of 
yolk-free protoplasm which extends over the whole surface 
of the egg, though it is usually thicker in one region than 
elsewhere. In eggs of this type the conjugation of the egg 
and sperm nuclei usually takes place deep in the yolk and 
the division of the zygote nucleus is not followed by any 
immediate cleavage of the egg protoplasm. The zygote 
nucleus divides, its two daughter nuclei separate and divide 
again, and the process is repeated until a number of nuclei 
are scattered through the yolk. Then some or all of them 
migrate to the surface and enter the superficial layer of 
protoplasm, which thus becomes a blastodermic epithelium 
in which the cells are more or less clearly marked. In these 
eggs there appears to be no necessary relation between the 
position of the first division-figure and the orientation of 
the embryo. The position of the various parts of the embryo 
is determined by a definite polarity of the egg itself, and the 
subsequent fate of each of the numerous segmentation 

1 Cf. Przibram (190$). 
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nuclei depends on the region of the outer protoplasm with 
which it happens to be associated when it comes to the 
surface at the formation of the blastoderm. 

One other point of some interest in connection with 
cleavage remains to be mentioned. In developing eggs in 
which the blastomeres are all approximately equal in size, 
all the cells divide simultaneously. When there is much yolk 
in some of the cells, or after visible differentiation into cells 
of different sizes has begun, the larger cells begin to lag 
behind the smaller ones, but in some eggs, even many hours 
after segmentation has begun, the simultaneity of division 
is very striking. In Insects, for example, it persists until 
the blastoderm stage; an egg may often be found in which 
all the cells of the blastoderm are not only dividing, but are 
in the same stage of division. This may be due simply to 
the fact that all the cells, being similar, develop at the 
same rate, but the possibility of mutual influence upon one 
another must not be overlooked. That the blastomeres do 
influence one another is clearly shown by the fact that in 
an equipotential egg each of the first two or four cleavage 
cells, if isolated, will produce a complete embryo, though 
when associated with its fellows it gives rise only to one 
half or one quarter. The association and mutual position of 
the blastomeres is thus an essential condition for the 
differentiation of parts of the embryo. 

Although not very nearly connected with the preceding 
subjects, it will be convenient to give here some account of 
the phenomenon of -polyspermy, that is, of the abnormal 
fertilisation of the egg by two or more spermatozoa, to 
which reference has already been made in earlier chapters. 
In Echinoid eggs the entrance of a spermatozoon nonnally 
not only induces the almost instantaneous secretion of a 
“fertilisation membrane,” but also very quickly renders. 
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the egg-surface impermeable to other spermatozoa even if 
the membrane be broken. If, however, the vitality of the 
egg is impaired by treatment before fertilisation in various 
ways (e.g. with certain alkaloids, heat, or long standing in 
water) the formation of the membrane is delayed and more 
than one spermatozoon may enter, and in consequence a 
more or less abnormal fertilisation process takes place. The 
simplest and commonest case is that when two spermatozoa 
are present in the egg. When this happens both spermato¬ 
zoa give rise to nuclei and centrosomes, and usually each 
centrosome divides, with the result that at the first seg¬ 
mentation division there are four centrosomes and three 
times the reduced number of chromosomes. Not rarely 
one of the centrosomes fails to divide, so that there are 
three instead of four. In the first case the division figure 
takes the form of a tetraster, a figure having four poles with 
a spindle arranged between each and the next, forming 
roughly the sides of a square; some observers maintain that 
there are also diagonal fibres running across the middle of 
the square from corner to corner; others deny this. When 
there are only three centrosomes the figure is a triaster con¬ 
sisting of three spindles arranged in a triangle (cf. Text-fig. 6, 
p. 57). The chromosomes become arranged on the spindles 
rather irregularly, and some may be omitted altogether and 
remain lying in the centre. Those which take their places 
on the spindles divide normally, and their halves pass to 
the poles in the usual way, thus giving rise to three or four 
nuclei near the centrosomes. The egg then divides simul¬ 
taneously into as many blastomeres as there are nuclei, 
and development may proceed apparently normally for a 
considerable period, though in the later embryo and larva 
abnormalities always appear.' 

A number of interesting problems centre round these 
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multipolar spindles in dispermic eggs, some of which have 
already been referred to and others will be mentioned later. 
Among other things, they have figured largely in the dis- 
ctission of Hartog’s hypothesis of a dual force acting at 
unlike poles as the cause of mitotic division. It is impossible 
hereto enter into Hartog’s ingenious explanation of multi¬ 
polar spindles on his hypothesis; it must suffice to say that 
he maintains that they are in no way inconsistent with it. 
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Parthenogenesis 

I n the great majority of animals reproduction is bi- 
parental—new individuals arise from a zygote formed 
by the union of an egg and a spermatozoon. There are, 
however, at least three other methods of reproduction 
which are widespread among the lower animals and found 
to some extent even in some of the “higher.” These are 
fission, budding, and parthenogenesis. Fission is of course 
a common method of reproduction among the Protozoa, 
but is not by any means confined to them; it occurs in the 
adults of some Coelenterates and Echinoderms, and em¬ 
bryonic fission is found in certain Polyzoa and Insects. 
Budding is not quite easy to separate sharply from fission; 
they grade into one another, though usually the two pro- 
cesseS,are sufficiently distinct. \JParthenogenesis belongs to 
a rather different category, though at times it is possible 
to confuse it with budding. It may be defined as the pro¬ 
duction of a new organism from an unfertilised egg, and if 
a bud should arise from a single cell, it is evident that the 
decision as to whether the process is or is not parthenogene¬ 
sis would depend on whether the cell were or were not an 
egg. ^Usually there is no difficulty; in a few cases, as in the 
paedogenesis of the Cecidomyid flies, some observers have 
maintained that what is in fact true parthenogenesis is 
internal budding. 

iTrue parthenogenesis occurs in nature under a number of 
different circumstances. Most frequently it alternates more 
or less regularly with bisexual reproduction; in only very 
few species is it the only method of reproduction known. 
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The maimer of the alternation, however, varies greatly. In 
some species, for example, many of the Hymehopterous 
Gall-flies (Cynipidae), parthenogenetic and sexual genera¬ 
tions succeed each other quite regularly—there are two 
generations in the year and one is always parthenogenetic 
and the other bisexual. More commonly the alternation is 
less regular, and several parthenogenetic generations inter¬ 
vene between each bisexual generation, as in most Aphids, 
Daphnids and Rotifers; or again in other members of the 
same groups there may be no regularity, and one individual 
female may at one time lay parthenogenetic, at another 
fertilised, eggs. Finally, in some species parthenogenesis 
_may be “facultative,” that is to say, the eggs are capable 
of being fertilised but develop equally well parthenogenetic- 
ally; this condition is best known in the Hymenoptera, 
for example in the Bee and in various members of other 
Hymenopterous families. In all these cases it is the rule 
that fertilised eggs produce only females; in most Hymen¬ 
optera unfertilised eggs produce only males, and in other 
groups and in some Hymenoptera, either males and females, 
according to the nature of the maturation divisions. To 
this question of sex-determination further reference will 
be made later. 

It has been seen in the chapter dealing with the matura¬ 
tion of the egg that this process normally involves the 
reduction of the chromosomes to half the somatic number, 
the full number being restored at fertilisation by the union 
of the egg and sperm nuclei. Evidently, then, some modi¬ 
fication of the process is to be expected in eggs which are 
destined to develop parthenogenetically, for otherwise these 
eggs would give rise to individuals having only the reduced 
number of chromosomes, unless some process of doubling 
occurred later. And, in fact, it is found (hat various 
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Oogenesis and spermatogenesis in Aphids, after Morgan (1915). 

1-8 Oogenesis of PhyUaphis 

1 Prophase, 2 Metaphase, of oogonial division, with six chromosomes 
3, 4 Young par then ogenetic ova with six chromosomes 5, 6, 7 $yn 
lzesis stages of sexual ova 8 Young sexual ova after symzesis with three 
double chromosomes 

9, 10, 11 Three stages of spermatogenesis 9, 10 Unequal first spermatocyte 
division 11 Equal division of the larger secondary spermatocyte 

12~i 6 Polar divisions of eggs of Phylloxera fallax 

12, 13 Anaphase and telophase of the single polar division of the female- 
producing egg 
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modifications of the maturation divisions of partheno- 
genetic eggs do occur, the purpose of which, if one may 
speak thus teleologically, is to obviate this difficulty. The 
maturation processes vary in different cases, and it will be 
convenient to classify them under several heads. 

(1) Maturation with one polar division: no chromosome 
reduction. 

This may be regarded as the most typical mode of 
maturation of parthenogenetic eggs; it is found in the 
parthenogenetic Crustacea (Phyllopoda, Ostracoda), in the 
Aphids, in the paedogenetic ova of the Cecidomyid flies, and 
probably in at least the female-producing eggs of Rotifers. 
Although this type of maturation occurs in so many species, 
the details have been worked out in comparatively few, 
and there is room for much further investigation before our 
knowledge can be complete. It has long been known that 
in members of the groups mentioned the parthenogenetic 
eggs give off only one polar body, while the eggs that 
require fertilisation produce two, and it is a matter for 
surprise that more detailed work on the subject has not 
been undertaken. One of the most complete papers on the 
subject is that by Morgan (1915) on Phyllaphis coweni and 
other species (PI. XIII). hxPhyllaphis the somatic number of 
chromosomes is six. In the oogenesis of the fertilisable eggs 
there is a typical contraction-phase (synizesis) from which 
emerge three double chromosomes; the eggs undergo a typical 
double maturation division, giving off two polar bodies, and 
leaving three single chromosomes in the nucleus. In the 
development of the parthenogenetic e ggs , on the contrary, 
there is no synizesis, six chromosomes are clearly visible in 
the growing oocytes, and the egg undergoes only one polar 
division, leaving six chromosomes in the mature egg-nucleus. 
The occurrence of synizesis in the oocytes of parthenogenetic 
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forms seems to be variable. In the parthenogenetic Ostra- 
coda (Crustacea), Woltereck (1898) and Schleip (1908) 
have described a typical synizesis in the development of par¬ 
thenogenetic eggs, although the chromosomes emerge from it 
in the somatic instead of in the reduced number. In Artemia, 
however, Fries found no synizesis, although this stage is 
represented in a typical manner in the nearly related 
Branchipus , the eggs of which are fertilised, and Kuhn 
finds no definite synizesis in the summer eggs of Daphnids, 
There appears, therefore, to be no general rule with regard 
to the presence or absence of the synizesis stage in the 
oogenesis of forms in which the parthenogenetic eggs give 
off only one polar body, but all observers agree that these 
eggs contain the somatic number of chromosomes, and that 
the reduction division is absent. In those eggs which go 
through the synizesis stage, either this is unconnected with 
the pairing of the chromosomes, or, if pairing occurs, it is 
of a temporary nature, and the paired chromosomes break 
apart permanently as they do temporarily in Lepidosiren . 
The very interesting problems connected with the differ¬ 
ences between the male- and female-producing eggs in 
animals having this type of parthenogenesis must be left 
for consideration in a later chapter. 

A subdivision of the class of parthenogenesis described 
above is that in which the eggs which will give rise to females 
undergo no reduction division and produce one polar body, 
while those which yield males have a typical reduction 
division and two polar bodies. This type, confined, so far 
as is known, to the Rotifers, will be referred to again in 
the chapter on the cytological basis of sex-determination 
(Chapter XI). 

(2) A second, and very rare, type of maturation process 
in eggs which develop unfertilised was first described by 
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Brauer in the Phyllopod Artemia, and has subsequently 
been observed in a few other cases. Brauer stated that in 
some eggs of Artemia, instead of the usual production of 
only one polar body without reduction, two polar divisions 
took place, presumably with reduction of chromosomes. 

''The second polar nucleus, however, instead of being thrown 
out of the egg, remained in it, and after a time sank back 
from the surface of the egg towards the egg nucleus and 
the two conjugated exactly as the sperm nucleus conjugates 
with the egg nucleus of a fertilised egg. The polar nucleus 
thus took the place of a sperm nucleus, and the egg may be 
said to be fertilised by one of its own polar nuclei. Con¬ 
firmation of Brauer’s statement was for a longtime lacking, 
and doubt was cast upon its correctness, although investiga¬ 
tions intended to settle the matter showed the existence of 
other curious facts in Artemia. For example, Artom finds 
that a race from Capodistria on the Adriatic has a somatic 
number of 84 chromosomes and is always parthenogenetic, 
while the race found at Cagliari in Sardinia has 42 chromo¬ 
somes in its somatic nuclei, which are consequently half 
the size and twice as numerous, and this race always repro¬ 
duces sexually. Subsequently to Brauer’s paper other 
observers have discovered a similar fertilisation by the 
second polar body in two or three cases—by Brues in 
Xenos, an insect of the family Stylopidae, and Buchner 
(1911) in eggs of a starfish made to develop parthenogene- 
tically by treatment with carbon dioxide, while more 
recently Miss Morris has made similar observations on the 
eggs of the Mollusc Cumingia caused to develop partheno- 
genetically. Among plants also a similar process has been 
described by Rosenberg in Hieracium, so that the phenom¬ 
enon of fertilisation by the second polar nucleus may be 
regarded as established, at least in rare cases. 


d. c. 


9 
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(3) Maturation with two polar divisions, giving rise to 
three polar nuclei and an egg nucleus. 



The maturation of parthenogenetic eggs with two polar 
divisions appears to be confined to the Insects 1 , and is best 

1 Apart from the male-producing egg* of the Rotifera mentioned in group (t) 
above. 
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known in the Hymenoptera. This method can be sub¬ 
divided into two sub-classes, of which the first is well known 
while the second is somewhat doubtful, and requires further 
investigation before it can be regarded as substantiated 
with certainty. The first sub-division includes a large num¬ 
ber of Hymenoptera, of several families, in which the polar 
divisions are undoubtedly reducing, so that the mature egg 
nucleus contains half the somatic number of chromosomes. 
These eggs may then be fertilised or develop partheno- 
genetically; if fertilised they produce females , if partheno- 
genetic, males. In this group, therefore, the parthenogenesis 
is of the kind known as facultative . The second subdivision 
consists in the not very well established case of two polar 
divisions each of which is equational, resulting in the pro¬ 
duction of an egg nucleus containing the somatic (double) 
number of chromosomes. This condition has been described 
in certain Sawflies (Tenthredinidae) and Gall-flies (Cyni- 
pidae) among Hymenoptera, in the stick insect Bacillus 
(probably) among Orthoptera, and perhaps exists also in 
the Moths in which unfertilised eggs occasionally undergo 
development. The nature of the maturation process in 
certain other parthenogenetic insects, for example the 
Thysanoptera ( Thrips ), is unknown. 

In the Hymenoptera the maturation divisions have been 
investigated in a number of species belonging to several 
families, and with the exceptions to be mentioned later they 
generally conform rather closely to a common type. The 
early stages leading up to the maturation divisions take 
place in the oocytes before the yolk is deposited, and appear 
to be typical, giving rise to the reduced number of double 1 
chromosomes (pseudo-reduction). During the deposition of 
yolk the nucleus is large and vesicular, with scattered 
chromatin, but when the egg is fully formed the nucleus 

9—2 
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becomes very small and moves to the edge of the egg near 
the anterior pole, where there is a thickening of the outer 
protoplasmic envelope free from yolk. Spermatozoa are 
received by the female at copulation into the receptaculum 
seminis, and in some species, for example, the Bees and 
Wasps, it appears that the female is able to control the 
fertilisation of the egg; that is to say, she can “at will” 
allow an egg as it is laid to receive spermatozoa, or withhold 
them. In other species the females lay equally readily 
whether they have copulated or are virgin. The maturation 
process is not affected by the presence or absence of sperma¬ 
tozoa; immediately after the egg is laid the egg nucleus 
breaks down, a spindle is formed vertical to the surface of 
the egg, and the chromosomes divide and pass to the poles. 
They may there form daughter nuclei, but more often two 
new spindles arise immediately, one below the other, with 
the two groups of chromosomes from the first division in 
their equatorial planes. These chromosomes then divide 
again, and pass to the poles, giving rise to four groups in a 
line vertical to the egg surface. The outermost group is just 
below the surface, the two middle ones are close together, 
at the inner end of the outer spindle and the outer end of 
the inner, and the innermost group, which forms the mature 
eggnucleus,is rather deep in the egg(cf.Text-fig.9,p.8i). In 
some species each group forms a vesicular nucleus; in others 
the three outer, or polar, groups remain as little clumps of 
chromosomes, while the innermost sinks inwards and forms 
the egg nucleus. In either case it is common for the two 
middle nuclei or chromosome groups to unite; when they 
are vesicular nuclei they may appear to conjugate just as 
an egg and a sperm nucleus do, and then break down into 
chromosomes which may undergo an irregular division. It 
has been maintained that in the Bee this false zygote-nucleus 
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persists and ultimately gives rise to the genital cells of the 
larva, but this has been shown to be erroneous. Sometimes 
all three groups of polar chromosomes unite into a single 
mass, and Silvestri has shown that in certain parasitic 
Hymenoptera of the families Chalcididae and Proctotrypidae 
this united mass gives rise to a nucleus which later divides 
and provides the nuclei for the envelope which encloses the 
embryonic mass. With rare exceptions this only happens 
in species which have embryonic fission; in those species 
in which each egg gives rise to only one embryo, the polar 
nuclei or chromosomes sooner or later degenerate completely 
(cf. Fig. 10, p. 82). 

Development proceeds similarly whether the egg has 
received a spermatozoon or not. If spermatozoa are present, 
one of them conjugates with the egg nucleus, so giving rise 
to the somatic (double) number of chromosomes. If the egg 
is unfertilised, the egg nucleus segments normally, but, at 
least in the earlier divisions, only the reduced number of 
chromosomes is present. The embryo derived from a fer¬ 
tilised egg develops into a female, that from an unfertilised 
egg into a male. The male thus starts life with only half the 
normal number of chromosomes, and this condition persists 
throughout its life in the germ-cells and, at least in some 
species, in the cells of the nervous system. In other tissues, 
by a process which has not been sufficiently investigated, 
the number becomes doubled, or in some cells even quad¬ 
rupled, so that in most cells of the body the male and female 
have the same number of chromosomes. 

Since the chromosomes are present in the reduced num¬ 
ber in the spermatogonia before maturation, it is evident 
that their number cannot be again halved in the spermato¬ 
cyte divisions, and it is found in all the Hymenoptera in 
which the spermatogenesis has been followed that one of 
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the spermatocyte divisions is suppressed. This was first 
discovered by Meves (1907) in the Hive Bee; it has since 
been observed in other bees, and in Wasps, Sawflies and 
Gall-flies. In most species the spermatocytes undergo only 
one division, in which the chromosomes divide equationally, 
so that the spermatids contain the same number of chromo¬ 
somes as the spermatogonia. Traces of a first division may 
occur in the formation of a spindle in which the chromo¬ 
somes do not divide, followed by the separation of a minute 
piece of cytoplasm containing one of the centrosomes 
(PI. XIV). In the Hive Bee a curious and at present un¬ 
explained modification of this process is found (PI. XV). 
After a first abortive division, in which a small piece of 
cytoplasm is separated from the spermatocyte, a fresh 
spindle is formed; one pole of this spindle extends into a 
long finger-like projection of the cell, at the apex of which 
is the centrosome. The chromosomes divide, and one group 
passes into the projection and forms a vesicular nucleus, 
while the other group forms a nucleus in the body of the 
cell. An extremely unequal cell division then occurs, by 
which the nucleus in the narrow projection is separated 
almost without any accompanying cytoplasm from the rest 
of the cell. The cell, now a spermatid, proceeds to develop 
in the normal way into a spermatozoon, while the extruded 
nucleus, after passing through similar stages for a time, 
gradually degenerates. No adequate explanation of this 
“polar-body formation” by the spermatocytes of the Hive 
Bee has yet been given, and in other Hymenoptera, in¬ 
cluding the Humble Bee, the spermatocytes divide equally 
(cf. PI. XIV). 

In all the species mentioned hitherto under this heading 
the eggs which develop parthenogenetically give rise to 
males; this is sometimes called arrhenotokous partheno* 
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Spermatogenesis of the Hornet (after MlMS, from the Author’s Dt U ; min at ion 
of Sex) (i) Sperm mother-cell. (2-6) Abortive division of the nucleus, 
resulting m the separation of a piece of protoplasm above, but leaving the 
whole nucleus in the larger (lower) cell. (7-10) Normal division of the large 
cell into two daughter-cells, each of which gives rise to a spermatozoon. 
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Spermatogenesis of the Hive Bee. From Mark and Co pi land. 


a — e . First (abortive) spermatocyte division, in which only a portion of pro¬ 
toplasm is separated, f—j. Second division, in which nuclear division 
takes place but cell division is extremely unequal. 
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genesis. There are, however, a certain number of species in 
which females arise from virgin eggs; such species are called 
thelytokous. In the Hymenoptera they occur here and there 
among the Sawflies (Tenthredinidae) and Gall-flies (Cyni- 
pidae). In some of them no males are known and the species 
appear to be permanently parthenogenetic, as for example 
in certain species of the genus Poecilosoma among the Saw- 
flies and in some species of Gall-flies in which the usual 
sexual generation seems to have dropped out, as in Cynips 
kollari and some species of Andricus. Other thelytokous 
species have occasional males, though the females are much 
more numerous, and in these it seems probable that both 
sexes may be produced from parthenogenetic eggs. The 
maturation of the eggs has been examined in Poecilosoma 
luteolum (a Sawfly) 1 and in Rhodites rosae 2 , which produces 
the common “bedeguar” galls on the wild rose. In each 
case it was concluded that both the polar divisions are 
equational, and that no reduction in chromosome number 
takes place—a conclusion which seems probable a priori , 
since it is difficult to understand how perpetual partheno¬ 
genesis can take place with chromosome reduction in each 
generation, but one which requires fuller investigation before 
it can be regarded as definitely proved. 

In the Phasmids (Stick Insects) it is known that virgin 
eggs frequently, and probably usually, give rise to females, 
though males are known sometimes to be produced from 
them. They also have two polar divisions of the egg, giving 
rise to three polar nuclei and an egg nucleus, but the 
details of the process are insufficiently known. Such ob¬ 
servations as exist suggest that normal reduction occurs, 
but no explanation is offered of the means by which the 


1 Doncaster (1906). 
* Schlsip (1909). 
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full chromosome number is restored, and the subject needs 
further investigation. 

(4) Maturation with no polar divisions in eggs which 
produce females, and two in those which produce males. 

This condition, which is comparable with that found in 
the Rotifers and referred to above, is known only in the 
Hymenopteran family Cynipidae (Gall-flies),in which it has 
been described by the writer in the common Neuroterus 
lenticularis x . The life-history and the cytological phenomena 
of the Gall-flies are so remarkable that it seems advisable to 
describe them in a separate section, instead of placing them 
with the other Hymenoptera. ^Typically there are two 
generations in the year, one of which is sexual and the other 
parthenogenetic; in some species, as has been mentioned 
previously, the sexual generation appears to have dropped 
out, and the flies are constantly parthenogenetic with one 
generation only in the year. Neuroterus lenticularis is a 
typical example of the species with alternation of genera¬ 
tions. Its life-history is as follows (PI. XVI). In May males 
and females hatch from the round sappy galls on the leaves 
and catkins of the oak. They pair, and the females lay their 
eggs in the tissue of the oak leaves, where they give rise to 
hard lenticular galls quite different from those of the pre¬ 
vious generation. The flies which hatch in the following 
March or April from these galls are all females; they differ 
conspicuously in structure from their mothers, and lay in 
the oak buds eggs which develop into either males or fe¬ 
males.* The offspring of any one parthenogenetic female 
are all of one sex; some females produce only males, others 
only females, and it is further almost certain that all the 
parthenogenetic daughters of any one sexual female are of 
the same type—that is to say, any sexual female will have 

1 DONCA 8 TER (MplO, 1911, I 9 Z 6 ). 






Explanation of Plati XVI. 

Life-history of the Gall-fly Neuroterus knticularis . On the left, the partheno- 
genetic (spring) generation, (i) Fl\ with ovipositor withdrawn; (z) with 
ovipositor extended; (3) abdomen and ovipositor enlarged; (4) galls from 
which the parthenogenctic females hatch. On the right, the sexual (sum¬ 
mer) generation, known as Spa thruster baa arum. (3) Male; (6) female; 
(7) abdomen and ovipositor of sexual female enlarged; (8) galls from 
which the sexual generation hatch. (The figures of the flies are from 
drawings by F. Balfour Brownf, Esq.; the galls from specimens in the 
Cambridge Museum.) (From the Author’s Determination of Sex) 
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only male-producing or only female-producing partheno- 
genetic daughters. 

The cytological behaviour of the eggs is not less remark¬ 
able. The fertilised eggs of the sexual generation undergo 
a double polar division of a peculiar type, leaving the 
reduced (haploid) number of 10 chromosomes in the egg 
nucleus. The peculiarity of the polar divisions lies in the 
fact that the nucleus divides in the first division without 
the formation of an equatorial plate; as the nuclear mem¬ 
brane disappears the chromosomes seem rather to sort them¬ 
selves out at opposite poles of the nucleus. The egg nucleus 
with 10 chromosomes then conjugates with the sperm nucleus 
also containing 10, giving rise to a zygote with 20. This 
develops into the female of the parthenogenetic generation. 
The eggs of different females of this generation behave dif¬ 
ferently from one another. Those of a male-producing female 
undergo a double polar division of the same peculiar type 
as is found in the sexual eggs, the chromosomes are reduced 
from 20 to 10, and the egg develops with the reduced num¬ 
ber into a male, as in other Hymenoptera. In the female- 
producing eggs the nucleus comes to the surface as if about 
to divide in the usual manner, but then sinks back into the 
egg and begins immediately to undergo the segmentation 
divisions. These eggs, having undergone no maturation 
division, contain the diploid number of chromosomes, and 
develop into the sexual females. No cytological explanation 
has yet been found of the fact that some sexual females have 
only male-producing daughters, others only female-pro¬ 
ducing. 

(5) Parthenogenesis consequent on the entrance of a 
spermatozoon—“false fertilisation.” 

It has been found experimentally in several cases that if 
a spermatozoon of one species enters the egg of a species 
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widely separated from it in classification, the egg may be 
caused to develop although the sperm nucleus, or its 
chromosomes, take no part in development. This has been 
observed, for example, in the eggs of Echinoids fertilised 
by sperm of the Mussel (Mytilus) 1 , and cytologically the 
development must be regarded as parthenogenetic, although 
a spermatozoon is present and has stimulated the egg to 
develop. It has more recently been discovered that a 
similar process takes place naturally in at least one Nema¬ 
tode worm —Rhabditis aberrans, described by Eva Kruger 
(1913). In this species the vast majority of specimens are 
protandrous hermaphrodites, which produce spermatozoa 
early in the stage of sexual maturity, after which only eggs 
are produced. Very rarely true males occur. When the eggs 
are ripe, spermatozoa stored up from the earlier sperm- 
producing stage enter them, but take no part in develop¬ 
ment, and very soon degenerate. Only one polar body is 
formed, and in the polar mitosis the chromosomes appear 
in the somatic number and divide equationally. In a single 
egg the formation of a second polar body was observed, and 
in this case the egg nucleus conjugated with the sperm 
nucleus. It is suggested that the exceptional males are 
produced from these rare fertilised eggs. 

The chief cytological facts of natural parthenogenesis 
may be summarised as follows: 

1. Perhaps the most frequent type is that in which the 
egg nucleus undergoes one maturation division and no 
chromosome reduction, so that the single polar nucleus and 
the egg nucleus both contain the diploid number of chromo¬ 
somes. This is characteristic of Crustacea, Homoptera, 
Cecidomyidae, and some Rotifers. 

2. In rare cases (e.g. Anemia, Xenos) there maybe two 

1 KurSLWIEMR (>909, >912) 
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polar divisions and the second polar nucleus sinks back and 
conjugates with the egg nucleus. 

3 a. In many Hymenoptera and in the male-producing 
eggs of Rotifers there are two polar divisions, with reduction 
of the chromosomes to the haploid number. These eggs 
when they develop unfertilised give rise to males, which 
have in their primitive germ-cells the reduced number of 
chromosomes, and consequently undergo no chromosome 
reduction in spermatogenesis, the first spermatocyte divi¬ 
sion being suppressed. Eggs of this type are frequently 
capable of fertilisation, and when fertilised yield females. 

3 b. In a few Hymenoptera and possibly some other 
insects there are two polar divisions both of which are 
equational, leaving the egg nucleus with the diploid chromo¬ 
some number. These eggs usually produce females. 

4. In many Cynipidae a sexual generation alternates 
with a parthenogenetic. The parthenogenetic females 
which produce males lay eggs which behave as in 3 a above; 
the eggs of those which produce females have no maturation 
division. 

5. In several cases under experimental conditions, and 
in one instance in nature (Rhabditis aberrans), partheno¬ 
genetic development of an egg is induced by the entrance 
of a spermatozoon, which, however, takes no direct part m 
development. 



CHAPTER X 


Artificial Parthenogenesis 

I N addition to the naturally occurring parthenogenesis 
which, as has been seen in the preceding chapter, is 
widespread in the animal kingdom, there is another type of 
parthenogenesis that has attracted much attention in 
recent years. It has long been known that certain animals, 
for example the common silk-worm, occasionally lay eggs 
which may develop without fertilisation although they are 
not normally parthenogenetic, and that this occurs more 
readilyif the eggs have been shaken or treated with acid. The , 
matter attracted little attention, however, until J. Loeb 
undertook experiments with the eggs of Sea-urchins, and 
found that by various methods of treatment he could cause 
them to develop without fertilisation. It is not proposed 
here to enter upon a full history of the earlier experiments 
and the hypotheses that were put forward to account for 
their results, nor to consider in detail the very complicated 
physico-chemical problems raised, but rather to give a 
general account of the results obtained and their bearing 
on cytological study. 

It has been found possible to cause parthenogenetic 
development of Sea-urchin eggs by very various methods of 
treatment. One of the earliest was by the addition of various 
mineral salts, such as magnesium chloride, to the sea-water, 
but since many salts were effective it was not possible to 
ascribe the initiation of development to the chemical action 
of specific substances; it seemed rather to be caused by the 
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raising of the osmotic pressure of the water. One method, 
therefore, bringing about artificial parthenogenesis is by 
the action of hypertonic solutions.Mt was then found that 
acids and alkalis were also effective; in some cases causing 
only the beginning of development, which was often irreg¬ 
ular, but in others bringing about normal segmentation 
followed by development into typical larvae. In the earlier 
experiments segmentation took place without the formation 
of a “fertilisation membrane” and the larvae produced 
were weakly and failed to develop to the later stages. 
Further experiment, however, proved that it was possible 
to induce the formation of a typical fertilisation membrane, 
and that by suitable treatment all the eggs could be caused 
to develop into quite strong healthy larvae. Loeb’s im¬ 
proved method for bringing about artificial partheno¬ 
genesis of Sea-urchin eggs is to treat them first with butyric 
acid (2*8 c.c. N/10 butyric acid to 50 c.c. sea-water). Other 
acids, especially organic acids of the fatty series, are effective 
but butyric is found to be most suitable. After treatment 
for a few minutes (at 15 0 C.) with butyric acid the eggs are 
transferred to pure sea-water, and then after 15 to 30 
minutes to a hypertonic solution consisting of 50 c.c. sea¬ 
water to which 8 c.c. z\ m. sodium chloride has been added. 
After half-an-hour in the hypertonic sea-water batches of 
eggs are transferred during the next half hour at five 
minute intervals to pure sea-water, when the eggs that have 
been treated for the correct time begin to segment normally. 
Different species of urchin, and the same eggs under different 
conditions of temperature or other circumstances, require 
somewhat different lengths of exposure to the solutions. 
The treatment with hypertonic sea-water may precede that 
with butyric add instead of following it, but in this case the 
exposure must be about twice as long. 
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If the solutions are used in the way described, no normal 
development takes place unless both solutions are used; 
under certain circumstances, however, it is possible to 
obtain development by treatment with either acid or hypo¬ 
tonic solution alone, although with the concentrations and 
length of exposure mentioned both are necessary. This fact 
naturally leads to the question—What are the effects of the 
two solutions, and how do they co-operate to bring about 
development ? In the earlier experiments on artificial 
parthenogenesis no fertilisation membrane was formed, but 
experiments designed to elucidate the nature of this mem¬ 
brane have led the way to an analysis of the factors which 
initiate development. When the eggs have been treated 
with butyric acid and returned to sea-water they immedi¬ 
ately begin to form a fertilisation membrane, but if they 
are left in sea-water after the membrane is formed, although 
a mitotic spindle may be produced, followed by division of 
the nucleus, they then begin to disintegrate. Droplets of 
protoplasm begin to be exuded, especially in the region in 
which the first segmentation furrow is forming, and gradu¬ 
ally the protoplasm breaks up into fragments, the disin¬ 
tegration beginning at the surface and gradually extending 
through the egg. At a lower temperature the disintegration 
or cytolysis proceeds more slowly, and the egg may divide 
into two or more blastomeres before cytolysis has progressed 
so far as to destroy it. It appears, therefore, that the same 
treatment which brings about membrane formation also 
leads to cytolysis, and this conclusion has been confirmed 
by numerous observations on the effects of various sub¬ 
stances on the egg. All these experiments point to the con¬ 
clusion that cytolytic agents of any kind, if used in the 
proper concentration, tend to bring about the production 
of a fertilisation membrane, and to initiate cell-division, 
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but unless some subsequent process is applied, the cytolytic 
action continues and leads to the final disintegration of the 
egg. As already indicated, the cytolytic effect of membrane- 
forming substances can be avoided by treating the eggs with 
hypertonic sea-water. 

The cytolytic effect of the agents which induce artificial 
parthenogenesis can also be counteracted by depriving the 
eggs of oxygen after treatment with the butyric acid or 
other agent. Absence of oxygen completely inhibits cell- 
division, but if the eggs are placed in normal sea-water after 
being deprived of oxygen for some hours, they begin to 
segment in the typical manner instead of undergoing cyto- 
lysis. This might suggest that the effect of the hypertonic 
solution is to prevent the absorption of oxygen, but that 
this is not a full explanation is shown by the fact that the 
hypertonic solution must contain oxygen if it is to be suc¬ 
cessful. The actual formation of the membrane can take 
place in the absence of oxygen, but it seems that a result of 
the processes which lead to its production is greatly to 
increase the oxygen absorption of the egg, and this leads 
to cytolysis. If the egg is kept without oxygen for some 
hours, or treated with a hypertonic solution, other processes 
take place in the egg which regulate the oxygen absorption 
when the egg is replaced in sea-water, and allow normal 
development to occur. When development is brought about 
by treatment with a hypertonic solution alone, it must be 
supposed that this acts in a double capacity; it tends to 
cause cytolysis and thus to initiate development, but at 
the same time it corrects the excessive cytolytic effect, and 
allows development to proceed. 

Loeb comes to the conclusion that the development of 
the egg when fertilised by a spermatozoon is due to the 
introduction of a cytolytic agent by the sperm, which 
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alters the stability of the egg surface, so causing the pro¬ 
duction of a fertilisation membrane, and that destructive 
cytolysis is prevented by the presence of a second substance 
which inhibits any further cytolytic action. This idea is 
supported by the experiment of fertilising Sea-urchin eggs 
with starfish sperm (which can be done if the eggs are first 
suitably treated); under these circumstances some of the 
eggs form membranes but then disintegrate unless they 
are subsequently treated with hypertonic siea-water, while 
others continue to segment normally without the hypertonic 
solution. This suggests that the spermatozoon introduces a 
cytolytic agent into all the eggs, since all produce mem¬ 
branes, but that the foreign sperm does not always introduce 
the proper corrective to prevent complete cytolysis. Al¬ 
though the spermatozoon appears to introduce a cytolytic 
agent, this does not explain why nuclear and cell-division 
are brought about by its entrance, and Loeb concludes that 
this ia caused by increased oxidation. It is known that eggs 
immediately after fertilisation, or after treatment which 
gives rise to artificial parthenogenesis, absorb oxygen much 
more rapidly than unfertilised eggs, and the same is true 
of eggs undergoing complete cytolysis; it seems possible, 
therefore, that the cytolysis of the egg-surface which results 
in membrane formation allows increased oxidation of the 
egg, and that this increased absorption of oxygen is the 
stimulus which brings about division of the nucleus followed 
by that of the cell as a whole. 

It seems possible, however, that the processes of mem¬ 
brane formation and of subsequent treatment with hyper¬ 
tonic solutions may be concerned with two more or less 
independent reactions. When an egg is- fertilised by a 
spermatozoon the very marked increase in the oxidation and 
in the electrical conductivity of the egg takes place as soon 
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as the effective spermatozoon comes into contact with the 
egg surface. The actual development of the egg only takes 
place after the head and middle piece of the spermatozoon 
have been drawn into the substance of the egg. F. Lillie 
succeeded in removing the spermatozoon from the surface 
of the eggs of Nereis by centrifugal force, and he found that 
although the normal membrane changes took place, the sub¬ 
sequent behaviour of the egg was identical with eggs of 
Echinoderms which had been treated with an artificial mem¬ 
brane-forming reagent, but which had not been treated with 
hypertonic sea-water. The conclusion from these facts is,, 
therefore, that the first process of both normal fertilisation 
and of artificial parthenogenesis is an activation of the egg 
by some change which takes place on its surface. 

After the spermatozoon is drawn into the egg, two struc¬ 
tures are formed within the egg which are absent if the 
sperm is not allowed to enter, or if the unfertilised egg is 
artificially activated. One of these structures is the male 
aster (see PI. XII, D-I); the other structure is, of course, the 
male pronucleus. Prior to the first normal cleavage an 
amphiaster is developed. If, however, the unfertilised egg is 
simply activated, the amphiaster either does not develop at 
all or its appearance is much delayed. The only character¬ 
istic of such eggs is the presence of a large monaster. 

There arises the suggestion, therefore, that the subsequent 
treatment of artificially parthenogenetic eggs with hyper¬ 
tonic sea-water may be associated with the development of 
the normal amphiaster. This is strongly supported by the 
fact that Wilson shewed that the effect of such solutions 
was to induce the formation- of artificial asters within un¬ 
fertilised eggs, and by the work of Herlant who showed 
that the optimum conditions for these two processes are the 
same. 
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The work of Gray (1916) on the electrical conductivity of 
Echinoderm eggs before and after fertilisation or treatment 
with substances that bring about artificial parthenogenesis 
suggests a somewhat different explanation of fertilisation 
from that arrived at by Loeb, though it does not alter the 
general conclusions. Gray’s experiments indicate that both 
fertilisation and treatment with parthenogenetic agents 
alter the electrical condition of the egg surface, making it 
more permeable to electrolytes. He therefore regards the 
subsequent changes as due to an alteration of the surface 
of the egg, rather than to the introduction of any substance 
into its interior, but there seems to be no reason against 
accepting this conclusion and at the same time regarding 
the initiation of development as depending on factors which, 
if unrestrained, lead on to the cytolysis of the egg as a whole. 
Gray (1922) is also of the opinion that the effect of hyper¬ 
tonic sea-water in artificial parthenogenesis is associated 
with the formation of an amphiaster at the stage in which 
this structure normally develops in normally fertilised eggs. 

It should be noted that Delage (1908) has brought about 
artificial parthenogenesis by a method based on different 
reasoning. He considers that the rhythm of cell-division is 
based on a rhythmic cycle of alternate coagulation and 
liquefaction of the protoplasmic colloids, the formation of 
the centrosome, spindle and asters being due to coagulation, 
while the dissolution of the nucleus and splitting of the 
chromosomes are examples of liquefaction. He therefore 
subjected eggs to the successive influence of an acid and an 
alkali, since acids coagulate and alkalis liquefy colloids. By 
these means he produced very successful parthenogenetic. 
development in' Sea-urchin eggs, a result which seems to 
confirm his theoretical interpretation. Loeb has pointed oat 
that the method adopted by Delage is essentially the same 1 
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as his own, and that the facts therefore agree with both 
hypotheses. 

It will be noticed that the changes undergone by the 
nucleus and cytoplasm of artificially parthenogenetic Echin- 
oid eggs are closely similar to those seen in eggs fertilised by 
a spermatozoon. Slight preliminary changes occur in the 
interval between the treatment with butyric acid and the 
hypertonic solution; these are suspended while the eggs are 
immersed in the hypertonic solution, but as soon as they are 
replaced in sea-water the nucleus begins to enter the prophase 
stage of mitosis, and shortly afterwards an aster appears at 
one pole of the nucleus, the rays of which radiate from a 
diffuse centrosome close to the nuclear membrane. The 
centrosome then divides, its halves diverge and a normal 
spindle is formed between them. The chromosomes have by 
this time made their appearance in the nucleus, the membrane 
disappears, and the chromosomes take up their position in 
an equatorial plate on the spindle, split in the typical way, 
and the halves travel to the poles. The chromosome number 
in the first and subsequent divisions is the reduced or 
haploid number; although this was at one time denied, later 
work has proved it beyond doubt, so that here, as in the 
males of the Hymenoptera, an individual which appears to 
be normal in every respect may exist with only half the 
typical number of chromosomes. With regard to the origin 
of the centrosome and aster there has been some dispute, 
and the matter can hardly be regarded as finally settled. 
Wilson found that small asters with a central dot could be 
produced in non-nucleated fragments of eggs by the agents 
which induce artificial parthenogenesis, and both he and 
many other investigators believe that the centrosome 
arises 4 * novo. Others, however, maintain that a centrosome 
persists from the polar divisions and accompanies the egg- 

10-Z 



I 4 8 ARTIFICIAL PARTHENOGENESIS [ch. 

nucleus, and that it gives rise to the centrosome of the first 
segmentation spindle in the parthenogenetic egg 1 . 

Although the greater part of the work on artificial 
parthenogenesis has been done on Sea-urchin eggs, it has 
been shown that the eggs of quite a large number of animals 
are capable of being caused to develop in this way. The 
methods used, of course, vary somewhat with different 
species, but the essentials of the process appear to be the 
same in all cases. The eggs of certain Starfish can be caused 
to develop parthenogenetically even more easily than those 
of Sea-urchins. Delage found that a strong solution of 
carbon dioxide in sea-water was an efficient means, and it 
has been shown that simple shaking is sufficient in some 
species to induce membrane formation and development. 
Some species may be naturally parthenogenetic, and Loeb 
suggests that the egg-surface is in an unstable condition so 
that a very small stimulus is required to induce the slight 
cytolysis which acts as the stimulus to development. The 
Starfish egg, unlike that of the Sea-urchin, undergoes the 
maturation divisions after it is shed into the sea-water, and 
as has been mentioned earlier, Buchner (1911) finds that if 
the eggs are treated with carbon dioxide during the matura¬ 
tion process, and the eggs then replaced in sea-water, the 
second polar division occurs, but the second polar nucleus 
sinks back into the egg and fuses with the egg-nucleus, and 
so takes the place of a spermatozoon. Since it seems prob¬ 
able that the aster normally associated with this polar 
nucleus also sinks back into the egg, and that the effect of 
hypertonic sea-water on the sea-urchin egg is to induce the 
formation of a second aster, it is clear why the use of such 
treatment is unnecessary in the case of the Starfish egg. 

Quite a number of Annelids have been successfully caused 
1 £.$. Pxmnnuwmca (1904), Bvcaxsa (1911). 
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to develop parthenogenetically, and several of them are 
interesting from the fact that in nature the entrance of a 
spermatozoon is necessary to bring about the maturation 
divisions. In these it is found that treatment with the 
parthenogenetic agent not only causes the production of a 
fertilisation membrane, but that this is followed by the ex¬ 
trusion of the polar bodies and the subsequent segmentation 
of the egg and development into a larva. Two curious facts 
with regard to Annelids may be noted. In Chaetopterus it 
was found that the ordinary parthenogenetic agents induced 
development, which went as far as a larval stage, but that 
no true segmentation of the egg into distinct blastomeres 
took place; segmentation, however, could be induced by 
blood serum. And in Thalassema it was observed that the 
polar bodies, instead of degenerating, divided mitotically 
several times, so giving rise to groups of cells like miniature 
embryos. 

The eggs of several Molluscs have been caused to develop 
at least as far as early larval stages by methods of the same 
general type as are used for Echinoderms and Annelids, but 
in general only a small proportion of the eggs develop, no 
fertilisation membrane is produced, and true segmentation 
into blastomeres is more or less suppressed. In the eggs of 
Mactra Kostanecki observed a process of intranuclear 
division of the chromosofnes in the first division of the 
parthenogenetic egg, by which he supposes that the normal 
somatic number may be restored, instead of the reduced 
number present in the egg-nucleus after maturation. 

Finally, it has been found possible to cause the eggs of 
Frogs to develop parthenogenetically, although the methods 
used for Invertebrates are not effective for either Fishes or 
Amphibia, The first suecessful experiment was by Gotter, 
who injected frog’s blood into the eggs, Bataiuon then 
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succeeded in producing parthenogenesis by merely pricking 
the eggs which were smeared with blood, and Loeb and 
Bancroft have shown that the presence of blood is not 
absolutely essential. Bataillon believed that the develop¬ 
ment was caused by introduced fragments of leucocytes, 
which act as “catalysts,” but an ingenious suggestion has 
been made by Herlant with regard to the function of the 
blood, the introduction of which certainly facilitates develop¬ 
ment. He finds that around each leucocyte or fragment a 
small aster is produced, and the presence of these asters 
reduces the volume of protoplasm over which the main 
division spindle must take control before actual cell-division 
can be initiated. In the experiments of Loeb and Bancroft, 
in which development was induced by simple pricking with¬ 
out any introduction of foreign cells, parthenogenesis is 
probably caused by an alteration of the surface due to the 
prick, comparable with the effect produced by shaking 
Starfish eggs. Larvae obtained in this way have been 
reared through the metamorphosis to almost or quite adult 
frpgs, which have been found to be both males and females 
(Loeb, 1918). The method whereby the egg of the frog may 
be made to develop parthenogenetically lends support to 
the view that the initial process of normal fertilisation is 
of a physical rather than of a chemical nature (Gray, 
1922). 

Although, as has been mentioned earlier, the plane of the 
first segmentation division in fertilised frog’s eggs usually 
depends on the position of the entrance path of the sper¬ 
matozoon, it is found that in the par then ogenetic eggs the 
position of the puncture has no relation to that of the first 
segmentation plane; this confirms the conclusion that the 
position of the segmentation plane depends on that of the 
dividing centrosome introduced by the spermatozoon, and 
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not upon any alteration of the egg-substance induced by 
the spermatozoon’s passage. 

From this short summary of the subject it will be seen 
that the study of artificial parthenogenesis has led, and is 
likely to lead still further in the future, to important ad¬ 
vances in our knowledge of the physiological or functional 
aspects of cytology. Not only is it the means of throwing 
important light on the nature of the metabolic processes 
concerned in the development of the egg, and of the physical 
and chemical conditions of cell-division, but it also gives us 
definite indications of the manner of action of the spermato¬ 
zoon in bringing about development. Since eggs which 
under normal circumstances require fertilisation can develop 
to larvae or even adults without it, it is clear that the nuclear 
fusion which is usually regarded as the essential feature of 
fertilisation is not in itself the cause of development. The 
spermatozoon, in fact, appears to play two quite distinct 
parts; as the bearer of hereditary characters it is equivalent 
to, and of equal importance with, the egg, but as far as the 
early stages of development are concerned, it plays quite a 
minor part, and merely acts as a stimulus to a development 
which under suitable conditions can take place equally well 
without it. It is possible, however, to some extent to re¬ 
verse the parts, for a spermatozoon may enter a non- 
nucleated portion of an egg and give rise to a nucleus which 
divides and causes the piece of egg to segment and develop 
into a larva. In such a case there is something of the nature 
of male parthenogenesis, for although the cytoplasm is of 
maternal origin, the whole of the nuclear matter is descended 
from the spermatozoon only. 



CHAPTER XI 


The Cytological Basis of Sex-Determination 

I N the chapter (Chapter IX) on natural parthenogenesis 
reference was made to several examples of eggs, the 
development from which of males or females is dependent 
either on the nature of the maturation process, or on whether 
the egg is or is not fertilised. Such cases naturally lead to 
the suspicion that the determination of sex, that is, the 
production of a male or a female, is dependent on the cyto¬ 
logical condition of the egg before development begins, and 
a great amount of evidence pointing toward the same 
conclusion has been accumulated in recent years. This is 
not the place to discuss the question whether sex is in all 
animals irrevocably determined from the beginning of 
development 1 ; all that can be done is to describe the 
evidence which shows that it is so in many cases. 

Perhaps the clearest instances of determination of sex 
by a cytological difference in the egg before development 
begins are provided by the Hymenoptera. In every example 
of this order of insects which has been examined, the female 
is derived from an egg containing the diploid number of 
chromosomes and the male from one with only the haploid 
number. Most frequently the difference depends on whether 
the egg is fertilised or not, as was first discovered in the 
Honey Bee, and subsequently shown to be true of a number 
of other species. In all these cases fertilised eggs yield fe¬ 
males and unfertilised eggs males, and it is remarkable that 

1 For % discussion of this problem reference may be made to the writer's 
book The Determination of Sex (Camb. Univ. Press, 1915). 
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in the social species, such as bees and wasps, subsequent 
treatment of the female larva may turn it into a worker or 
a queen, but never into a male, nor a male larva into a 
worker. In the Gall-flies (Cynipidae) the difference between 
the eggs with the haploid and diploid chromosome numbers 
is produced in a different way, for both males and “sexual” 
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Fig. 17. Chromosome-groups of dividing cells in the Gall-fly 
Neuroterus lenticularis. (Preparations by the writer.) 

a. Diploid equatorial plate in ovary of sexual female. 

b. Diploid anaphase group in ovary of sexual female. 

c. Diploid anaphase group in nervous system of female larva (cf. e). 

d. Diploid equatorial plate of segmentation divisions in egg of spring 
(agamic) generation, which would develop into a female (cf. g). 

e. Haploid metaphase group in nervous system of male larva; each 
chromosome split (cf. c). 

f Haploid anaphase group in spermatogonial division. 

g. Haploid anaphase group in segmentation division in egg of spring 
(agamic) generation, which would develop into a male (cf. d). 


females arise from parthenogenetic eggs. These eggs are of 
two kinds, laid by two classes of females; those of one kind 
undergo a double maturation division, leaving the haploid 
number of chromosomes in the egg, and grow up into males, 
while those of the other kind have no maturation division 
and have thus the diploid number and develop into fe¬ 
males. 
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The first type of sex-determination by means of a differ¬ 
ence of the chromosomes in the egg at the be ginnin g of 
development is thus that in which a male-determining egg 
has n chromosomes and the female-determining egg of the 
same species in. This type is best known in the Hymenop- 
tera. It probably occurs also in the Rotifers, in which it 
seems fairly clear that males are produced from partheno- 
genetic eggs having two maturation divisions, giving the 
haploid number; while females arise either from partheno- 
genetic eggs which have only one maturation division, 
leaving the diploid number of chromosomes in the egg, or 
from eggs which undergo a double (reducing) maturation 
division and are then fertilised. In both Hymenoptera and 
Rotifers, therefore, fertilised eggs appear always to yield 
females. 

It will be convenient to postpone consideration of the 
other chief group of parthenogenetic species—that including 
the Aphids and parthenogenetic Crustacea—in which both 
sexes may arise from unfertilised eggs having only one 
maturation division, and in which, as in the Hymenoptera 
and Rotifers, fertilised eggs always produce females. The 
phenomena presented by this group will be more easily 
understood after some account has been given of the rela¬ 
tions between chromosomes and sex in animals in which the 
eggs all require fertilisation. 

In the account of the maturation of the - germ-cells, and 
of fertilisation, given in Chapters V-VIII, it was assumed 
that the chromosome-groups of the male and female, and 
hence of the sperm and egg, were alike. In a large number 
of animals this is to all appearance true, but in recent years 
it has been shown that in many species, belonging to very 
different groups, such a statement is not strictly correct. 
Nearly all the chromosomes do accurately correspond in the 
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two sexes, so that if we letter them A, B,C,... both male 
and female will contain in each nucleus A, A, B, B, C, C,.... 
But it was discovered by several investigators about the 
beginning of the present century that in the males of certain 
insects of the orders Hemiptera and Orthoptera one chromo¬ 
some behaved differently from the others during the stages 
preceding the maturation divisions of the spermatozoa. 
This chromosome, at first known as the accessory chromo¬ 
some, was found to take no part in the spireme and synizesis 
stages; while these stages are in progress it remains a com¬ 
pact deeply staining body which was sometimes described as 
a chromatin nucleolus. When the other chromosomes emerge 
from synizesis and contract to form the double chromo¬ 
somes of the first maturation division, the “accessory” also 
gives rise to a definite chromosome which takes its place on 
the spindle with the rest. It may differ from the others in 
size, being either larger or smaller, but this is by no means 
invariable. When the bivalent chromosomes divide into 
their component units and pass to the poles, the accessory 
usually passes undivided to one pole of the spindle, and 
hence has been called the heterotropic or hetero-chromosome, 
the name by which it is now most frequently called. Very 
often, however, especially by American writers, it is known 
simply as the X-chromosome. When, as most frequently 
happens, the heterotropic or X-chromosome passes undi¬ 
vided to one pole of the first spermatocyte division-figure, 
it divides equationally in the division of those secondary 
spermatocytes which contain it. In the Hemiptera the pro¬ 
cess is reversed; it divides longitudinally in the first sper¬ 
matocyte division and then passes over undivided in the 
second division into half the spermatids. In either case, 
therefore, since this chromosome passes to one pole without 
division in one or other of die spermatocyte mitoses, it 
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follows that half the spermatids contain it and half are 
without it, so that.the resulting spermatozoa are of two 
kinds which are produced in equal numbers (PI. XVII, 
1 - 5 )- 

After these phenomena had been observed in the sper¬ 
matogenesis of several insects, a comparison was naturally 
made of the oogenesis of the same species, and it was then 
discovered that in each case the female contained two 
similar chromosomes corresponding with the heterotropic or 
X-chromosome of the male. These usually differ from the 
X-chromosome of the male in not forming a chromatin 
nucleolus in the spireme stage of the oocyte; they behave 
at this stage like the other chromosomes and unite to form 
a bivalent element, the two members of which separate in 
the first maturation division of the egg and divide equation- 
ally in the second, with the result that all the mature eggs 
contain a single X-chromosome. 

From these facts it was natural to infer that the X- 
chromosome acts as a determiner of sex, for since all the 
eggs before fertilisation contain one such body, and half 
the spermatozoa contain it while half do not, it follows that 
half the fertilised eggs will contain one X and the other half 
two, an expectation which has been verified by the exam¬ 
ination of the mitotic figures in the segmentation of the 
eggs. It is known, however, that adult males of these species 
contain one X-chromosome while females contain two, and 
it seems natural to infer that the spermatozoa which con¬ 
tain an X-chromosome cause the eggs which they fertilise 
to become females, while those which lack the X are male¬ 
determining. Some further consideration of this conclusion 
will be given at a later stage. 

An obvious objection to this hypothesis of sex-deter¬ 
mination was at first a difficulty. The known cases in which 
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Hctcro- and Idio-chroinosotncs in Insects (Hemiptera). (Reproduced, by per¬ 
mission of the Editor, from Quart. Journ. Micr. Science , lix (1914), 
p. 499.) (1-$) Protenor belfragei. (1) Female, equatorial plate before 

reduction, two large hetero-chromosomes. (2) Similar group of the male, 
one large hetero-chromosome. (3) Spindle of second maturation-division 
of spermatozoon; large hetero-chromosome below right pole. (4, 5) Two 
daughter-plates of same division; hetero-chromosome in group 5. (6-9) 
Euschistus njariolarius. (6) Female, equatorial plate before reduction; no 
conspicuously small chromosome. (7) Similar group of the male; one 
very small idio-chromosome. (8) Spindle of second maturation-division 
of spermatozoon; large and small idio-chromosomes in centre. (9) Two 
daughter-plates of same division; small idio-chromosome in upper, large 
in lower. (10) Rocconota annulicomis. Side view of equatorial plate of 
second maturation-division of spermatozoon, showing large idio-chromo¬ 
some paired with two small. (11) Acholla multispinosa, second maturation- 
division of spermatozoon, showing large idio-chromosome paired with 
five small. (1-10 from Wilson; ii from Wilson, after Paynl.) 
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the male had one hetero-chromosome and the female two 
were few, and as far as was known the chromosome-groups 
of the two sexes in the great majority of animals were alike. 
It thus seemed difficult to suppose that in a few species sex 
was dependent on the presence or absence of a particular 
chromosome while in many others no such difference 
existed. This difficulty has been to a great extent removed 
by a discovery made almost simultaneously by Miss N. M. 
Stevens and E. B. Wilson (1905-6), and since extended 
by other investigators to a large number of different species. 
These American cytologists observed that in certain Beetles 
and Hemiptera, although both sexes possessed the same 
number of chromosomes, the male had an unequal pair 
which behaved in the spireme stages like the heterotropic 
chromosome, but came together as a bivalent and separated 
from one another in one of the spermatocyte divisions. In 
this division it was easy to see that the two members of the 
pair were of different sizes, so that two kinds of spermatozoa 
were formed, one having a large chromosome and the other 
a small one. In the female, however, as in the species in 
which the male possesses only a single hetero-chromosome, 
there is an equal pair, both members being of the same size 
as the larger member in the male. Chromosomes of this 
kind Wilson called idio-chromosomes, a term which is often 
used in a rather more general sense to include the hetero¬ 
chromosome as a special case. Frequently these chromo¬ 
somes are spoken of as X- and T'-chromosomes; it is said 
that the male has an X-Y pair, while the corresponding 
female has two X-chromosomes (PI. XVII, 6-9). 

By investigating a number of species Wilson found that 
he could obtain a series ranging from forms in which no 
Y -chromosome was present, through those in which it was 
very small, and others in which it was nearly as large as the 
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X-chromosome, to the final condition in which the two 
idio-chromosomes were of the same size. Or, probably more 
correctly, if we begin with species in which both sexes have 
two apparently similar idio-chromosomes, we find all stages 
of the degeneration of one of them in the male until we 
reach the stage at which the smaller or Y -chromosome has 
disappeared altogether. We may therefore suppose that in 
these species the female has always two X-chromosomes 
while the male has an X-Y pair. In many forms X and Y 
are not visibly different and in these the chromosome-group 
of the male is indistinguishable from that of the female; 
in others the Y is reduced in size, and all stages of its 
reduction can be found till the stage is reached at which 
the male has one idio-chromosome (hetero-chromosome) and 
the female two. In all these cases, therefore, the male may 
be regarded as producing in equal numbers two kinds of 
spermatozoa, X- and ^'-bearing, while all the eggs bear 
X, with the result that two kinds of zygotes are formed, 
XY and XX, of which the former kind will become males 
and the latter females. On this hypothesis, therefore, those 
species in which the male has only a single heterotropic 
chromosome constitute only a special case of a phenomenon 
which is of much more general occurrence—the determina¬ 
tion of sex by spermatozoa which either do or do not contain 
a female-determining X-chromosome. 

This condition in which the male contains either only a 
single “sex-chromosome,” or an unequal pair of idk> 
chromosomes, while the female has two equal chromosomes 
corresponding with the larger or “X” element in the male, 
has now been found in a large number of animals of various 
groups. In addition to a number of species of Hemiptera 
(e.g. Protenor , Anasa (Coreidae), Pyrrhocoris, Pentatoma , 
Lygaeus, Euschistus , etc.) and Orthoptera (e.g. Blatta , 
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Forficula, Locusta , Gryllus, Stenobothrus , etc.), the Orders in 
which it was first observed, it has been found in many 
Insects of the Orders Diptera, Coleoptera and Neuroptera, 
in Myriapods, in some Spiders, in a number of Nematode 
worms, and in several Mammals, including Man. A some¬ 
what similar condition has also been described in one or 
two Molluscs and in a Trematode {Schistosoma = Bilbarzid). 
It is thus a phenomenon of widespread occurrence, but, as 
will be seen later, there is evidence that it is not by any 
means universally true that sex is determined by the 
presence or absence of a particular sex-chromosome in the 
spermatozoon. In the groups in which this condition is 
found, even when the “X” and “T” chromosomes of the 
male are alike, they can usually be distinguished from the 
other chromosomes (sometimes called autosomes) by their 
different behaviour in the spireme stages and also not infre¬ 
quently by the fact that in the maturation mitoses they 
divide and pass to the poles either rather before or rather 
after the ordinary “autosomes.” Most frequently the idio- 
•chromosomes lag behind the autosomes in the spermatocyte 
anaphases, and the presence of such a lagging pair has 
sometimes been the first observed indication of the exist¬ 
ence of a pair of idio-chromosomes. Another difference 
between the idio-chromosomes and the autosomes that is 
characteristic of the Hemiptera, but not usually found in 
other groups, is that the two idio-chromosomes divide 
equationally in the first spermatocyte mitosis and then pair 
and separate to opposite poles in the second. The auto¬ 
somes in this Order, as elsewhere, pair and separate in the 
first division and divide equationally in the second. 

In some species of Insects the condition is rather more 
complicated than in the examples described above. Several 
cases have been described in which the male has a multiple 
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^-chromosome, but only one T element. In a local race 
of the Pentatomid species Thyanta custator, for example, 
Wilson found that two chromosomes both behave as mates 
for the single ^-chromosome; they pair with it in the pro¬ 
phase and both separate from it in the second spermatocyte 
mitosis, the T going to one pole and the two X elements to 
the other. The female has four X elements, so that two are 
present in every mature egg. In another Hemipteran, 
Acbolla, F. Payne has described an X-group consisting of 
five chromosomes, two fairly large and three very small, all 
of which pair with a single ^-chromosome and pass together 
to one pole while the T goes to the other (PI. XVII, io, 11). 
Another complication, with which the origin of these mul¬ 
tiple idio-chromosomes is possibly connected, arises from 
the occasional presence of supernumerary chromosomes, 
such as have been described by Wilson in three species 
of the Hemipteran genus Metapodius (PI. XVIII). In 
these species the typical condition is that both sexes 
have 22 chromosomes, the male an unequal X-T pair, 
and the female two similar X elements. In some races, 
however, the ^-chromosome is absent in the male, giving 
21 in the male and 22 in the female. In other races 
there may be a variable number of small “supernumerary” 
chromosomes, which behave exactly like idio-chromosomes 
in the spireme stage and in the mitotic figure. They may 
attach themselves to either the X- or the jT-chromosome, 
and pass with it to its pole of the spindle, and the varia¬ 
bility of their behaviour in this respect leads to the produc¬ 
tion of individuals with any number up to 28 (i.e. twenty 
autosomes, one pair of idio-chromosomes, and up to six 
supernumeraries). Wilson suggests that they arose origin¬ 
ally by abnormal division in which both X and T went 
together to one pole (“non-disjunction,” see below, p.232), 



Plate XVIII 



Chromosome groups of Metapodius , from Wilson (1909 b). 


a, d, g, j t m. First spermatocyte metaphase; b , h y k\ spermatogonial 
metaphase; c,f t /, /, 0, nuclei in growth-period. 

—c, 21-chromosome form; d—-f, 22-chromosome form; g —/, 23-chromo¬ 
some form, one supernumerary; j —/, 24-chromosome form, two super¬ 
numeraries; m —0, 25-chromosome form, three supernumeraries. 

If i. Large and small idio-chromosomes; m, w-chromosome; p, plasmosome; 
Sf supernumerary chromosome. 
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giving rise to a spermatozoon with both X and T. This, 
fertilising an X-bearing egg, would give rise to a female with 
two X-chromosomes and a supernumerary (T), and all the 
observed combinations can easily be derived from this by 
suitable matings. 

Another point that must be noted is that the X-chromo- 
some (heterotropic chromosome) may be closely associated 
with one of the ordinary “ autosomes ”; this has been ob¬ 
served as a constant condition in certain Orthoptera, and is 



Fig. i 8 . Compound groups formed by union of the X-chromosome with other 
chromosomes in Orthoptera (from Wilson, 1911). a , b after Sinety* 
c—h after McClung. 

also sometimes found in the Nematode Ascaris megaUy- 
cephala, though in other individuals of the same species 
the X-chromosome is quite independent of the others 
(Text-fig. 18). 

Although, therefore, the details vary considerably, it is 
clear that in a large number of animals of very different 
groups the male differs from the female in not having one, 
or in some cases more than one, chromosome which is 
present in the female; either the chromosome is absent 
altogether in the. male, or it is represented by an element 
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which is different from, and commonly smaller than, the 
corresponding body in the female. As a result the male 
produces two kinds of spermatozoa, one containing a 
chromosome-group exactly similar to that present in all 
the eggs, and the other differing in respect of the sex- or 
idio-chromosome. It remains to consider how these facts 
can be related, firstly to the condition already described in 
the Hymenoptera, secondly to the production of males and 
females by parthenogenesis in such forms as the Aphids, 
and thirdly to species in which hermaphroditism occurs. 

In the Hymenoptera, as has been described earlier in this 
chapter, the male has the haploid (n) number of chromo¬ 
somes at least in the cells of the “germ-track,” while the 
female has the diploid or 2 n number. In consequence of 
this fact the spermatocytes undergo no reduction division, 
and the spermatids contain the same number of chromo¬ 
somes as the spermatogonia. Obviously these facts can be 
brought into line with the condition found in so many 
other insects if it be assumed that one of the chromosomes 
of the male is a “sex-chromosome” (hetero-chromosome) 
and that therefore two of those of the female are sex- 
chromosomes. If this assumption is made, it is clear that 
the Hymenoptera are similar to the other insects described 
in having a single hetero-chromosome in die male and two 
in the female, but since there is no reduction in the sper¬ 
matogenesis all spermatozoa will contain the hetero-chromo¬ 
some and therefore all fertilised eggs will contain two and 
will become females. From the facts of artificial partheno¬ 
genesis it is known that a normal individual can develop 
from an egg containing only the haploid number of auto- 
somes, and it may thus be supposed that the Hymenoptera 
offer only a special case of the condition found in so many 
other insects, being similar in respect of the sex-chromo- 



Expiana'i ion oi Pla'i i XIX. 

Diagram of chrumosome-cvcie of PhyUaphis ctnwnL 

At the top , chromosome group of stem-mother with four autosomes ami two 
.V-chromosomes. From this three lines are represented as diverging, lead¬ 
ing on the left to a female which will produce a sexual egg, in the middle 
to a female which will reproduce parthenogenetically, and on the right 
to a male. 

uni citui 3/Y / lines * metaphase groups and diagrammatic anaphases of three 
eggs, of which the left and middle will produce females, the right a male. 
In the female-producing eggs the ,Y-chromosomes divide equationallv; in 
the male-producing they pair and separate, so that the male has only one 
(4th line). 

t;th lim\ on the left , metaphase group of first polar division of the sexual egg, 
all chromosomes paired. Relow this, anaphase of first, and telophase of 
second polar division, leaving three chromosomes in the egg. 

$t/i line on the rii*ht, metaphase group of first spermatocyte division, w r ith 
paired autosomes and single A' chromosome. Below' this, diagrams of the 
first (unequal) and second (equal) spermatocyte divisions, leading to 
spermatozoa with three chromosomes and a small degenerate cell wdth 
two. l T nion of egg and spermatozoon restores the number six in the 
stem-mother. 
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somes but differing in the existence of only the haploid 
number of autosomes in the male instead of the diploid 
number that is present in almost all other groups. 

The phenomena seen in the parthenogenetic Aphids and 
Phylloxerans are more closely comparable with those of the 
sexually reproducing species, although some points of great 
interest have not yet been completely worked out. Our 
knowledge of the main facts depends chiefly on the work of 
Miss Stevens (1909,1910 a ), T. H. Morgan (1915) and von 
Baehr (1909); Morgan’s account of Phyllaphis coweni may 
be taken as typical (Pis. XIX, XIII). In this species the 
nuclei of the “stem-mother” (female produced from a 
fertilised egg) contain six chromosomes, two of which are 
X -chromosomes. She produces two kinds of eggs, (1) eggs 
that will develop parthenogenetically into females, and 
(2) eggs that develop parthenogenetically into males. The 
females produced from these eggs are either sexual females or 
again reproduce parthenogenetically like the stem-mother. 
There are thus three kinds of eggs in all, (1) and (2) which de¬ 
velop parthenogenetically and produce respectively females 
and males, and (3) sexual eggs which require fertilisation and 
produce females (stem-mothers). The oocytes of class (3) 
undergo a synapsis (synizesis) stage and then have a double 
polar division, reducing the chromosomes to three—two 
autosomes and one X-chromosome. The oocytes that will 
develop parthenogenetically have no synapsis, and these 
eggs undergo only one maturation division. In those which 
will produce females all the chromosomes divide equation- 
ally, so that the female offspring, like the mother, have six 
chromosomes. In those that produce males, however, the 
two X-chromosomes pair together before the single polar 
division, and while the autosomes are dividing equationally 
the ^-chromosomes separate from each other, one going 


>x—a 



164 SEX-DETERMINATION [ch. 

into the polar body and the other remaining in the egg. As 
a result, the male has five chromosomes—four autosomes 
and one X-chromosome—as compared with the six of the 
female. As in many other Hemiptera, therefore, the male 
has one X-chromosome while the female has two, and this 
condition is reached by the X-chromosomes undergoing a 
reduction division at the time when the autosomes are 
dividing cquationally in the single polar mitosis of the male- 
producing parthenogenetic egg. 

In the Aphids, however, as in other parthenogenetic 
forms, only females arise from fertilised eggs, and since the 
male has only one X-chromosome one would expect that 
two kinds of spermatozoa would be formed, and therefore 
the production of nothing but females from fertilised eggs 
requires explanation. The explanation of this apparent 
anomaly is that the first spermatocyte division is an unequal 
one. Just as in other forms the autosomes come together 
in pairs in the preceding growth-phase, giving rise to three 
chromosomes in all, two bivalent autosomes and the single 
X-chromosome. In the first spermatocyte division, as in 
other Hemiptera, the bivalent autosomes divide into 
their separate components and the X-chromosome splits 
longitudinally, but in the anaphase of the mitosis both 
halves of the X-chromosome travel together into one 
daughter-cell; they lag behind the autosomes but in the 
telophase both halves are included in one nucleus, which 
thus contains two single autosomes and a divided X- 
chromosome, while the other nucleus contains only two 
autosomes (cf. PI. XIII, 9-11). When the cell divides the 
division is unequal; the cell containing the three chromo¬ 
somes is much larger than that which has only two. The 
first spermatocyte division thus results in a large secondary 
spermatocyte containing two autosomes and an X-chromo- 
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some, and a small one containing only the two autosomes. 
This smaller cell never divides again; it persists fora time 
and then degenerates. The larger secondary spermatocytes 
proceed almost immediately to the second division, in which 
all three chromosomes divide equationally, producing two 
equal spermatids each with three chromosomes. The final re¬ 
sult of the process, therefore, is that every spermatogonium 
gives rise to two spermatids each with an X-chromosome, 
and to a small degenerate cell which disappears. Since all 
the mature eggs contain two autosomes and an X-chromo- 
some, all the fertilised eggs have four autosomes and two 
X-chromosomes, and thus all develop into females. 

An interesting problem arises with regard to the cause of 
the throwing out of one X-chromosome in the polar body 
of the male-producing eggs. In Phyllaphis the same female 
may produce both female- and male-producing eggs, but in 
Phylloxera the males and females are produced from differ¬ 
ent parents, and in some species the two kinds of eggs are of 
different sizes. In Phylloxera caryaecaulis investigated by 
Morgan the life-cycle is as follows. The “stem-mothers,” 


Stem-mother 
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parthenogenetic egg 
winged female (female-producer) 
large parthenogenetic egg 
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sexual egg 
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derived from fertilised eggs, produce galls on the hickory- 
leaf. They lay parthenogenetic eggs in the gall, and from 
these eggs winged females develop. These are of two kinds; 
some lay small eggs from which males hatch, others large 
eggs which produce females, and since all the individuals in 
one gall are of the same kind, the stem-mothers must also 
be of two kinds—those with male grandchildren and those 
with female. The females produced from the winged forms 
each contain one egg which requires fertilisation and gives 
rise to the stem-mother again. The life-cycle is represented 
schematically on the preceding page. 

In the P. caryaecaulis female there are four autosomes, 
two large X-chromosomes and two small “^-chromosomes ” 
which are attached to the X-chromosomes. In the male 
there are the four autosomes but only one X and one x, 
the other Xx having been extruded with the polar body of 
the egg. In the spermatogenesis of some males Morgan 
found that the X and x remain attached to each other, 
while in others they separate, giving apparently five 
chromosomes in some and six in others. He suggests that 
the x which remains attached to the X is different in char¬ 
acter from that which becomes separated, so that there 
would be two kinds of males producing different spermato¬ 
zoa. He suggests that one kind of spermatozoon causes the 
fertilised egg to give rise to a stem-mother which will have 
female grandchildren, and the other to one that will have 
male grandchildren—the presence of one or the other kind 
of x determining whether an X-chromosome is or is not 
extruded with the polar body of the parthenogenetic egg 
of the winged female. It must be admitted, however, that 
this explanation is speculative, and that the “predeter¬ 
mination of sex” in Phylloxera is still not much less obscure 
than the similar phenomenon in the Cynipid Gall-flies. 




Plate XX 



Chromosomes in the development of eggs and spermatozoa of the hermaphrodite 
generation of Rhabdonema nigro^venosum. (After Boveri, 19 ii, reproduced 
by permission of the Editor, from Quart . Journ. Micr. Science , lix (1914), 
p. 501.) Oogenesis on left, spermatogenesis on right. Hetero-chromosomes 
black. (1, 2) Early stages of first maturation division of egg and sper¬ 
matozoon. (3, 4) Daughter groups of first maturation division. (5, 6) 
Equatorial plates of second maturation division. (7, 8) Diagrammatic 
side views of same stage. (9, 10) Side views of last stage of second 
maturation division. 
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Our knowledge of the behaviour of the sex-chromosomes 
in hermaphrodite species is still far from complete. The 
best-known case is that of the Nematode Rhabdonema 
(Rhabditis) nigrovenosum studied byBovERi (1911) and by 
Schleip (1911). This species has two generations in the 
complete life-cycle, one of which consists of hermaphrodites 
living as parasites in the lungs of the Frog, while the other 
is free-living and consists of males and females. The somatic 
chromosome number of the hermaphrodites and free-living 
females is twelve, and the males have eleven; that is to say, 
the hermaphrodites and females have ten autosomes and 
two X-chromosomes, and the males only one X-chromosome 
(PI. XX). In the spermatogenesis of the free-living males 
two kinds of spermatids are produced, one of which has six 
and the other five chromosomes. Boveri supposes that the 
spermatozoa having five, and thus lacking the X-chromo- 
some, are functionless, so that all fertilised eggs contain 
twelve, and develop into hermaphrodites. The evidence, 
however, for the degeneration of the spermatozoa without 
an X-chromosome is at present very slender. In the her¬ 
maphrodite generation the gonad consists of two parts, a 
larger ovarian portion and a smaller testicular portion 
which produces spermatozoa. The primitive germ-cells, 
whether oogonia or spermatogonia, have twelve chromo¬ 
somes. In oogenesis all these chromosomes behave alike; 
before the polar divisions they unite in pairs to form six 
bivalents, and the two maturation mitoses leave six chromo¬ 
somes in the egg. In the spermatogenesis of the hermaphro¬ 
dites, however, the two X-chromosomes behave differently 
from the others. Instead of pairing to form a bivalent they 
usually remain separate; only rarely do they pair. In the 
first spermatocyte division the bivalent autosomes separate 
into their single components, while the X-chromosomes 
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divide equationally. In the second spermatocyte division 
the autosomes divide equationally, but the two X-chromo- 
somes pair and separate towards opposite poles. They lag 
behind the autosomes, and according to SchIeip one is 
included with the daughter-nucleus at one pole, while the 
other lags so much that it remains outside the nucleus in 
the telophase and is ultimately extruded from the spermato¬ 
zoon with the “ Spindelrestkorper.” As a consequence, half 
the spermatozoa have an X-chromosome and half are with¬ 
out it. Boveri describes the second spermatocyte mitosis 
rather differently; he believes that the two X-chromosomes 
may either go both to one pole, giving spermatids with 
seven and five chromosomes (two X and no X), or may 
separate from one another and go one into each spermatid, 
giving six in each. He supposes that the spermatids with 
seven are functionless, that those with six cause the fer¬ 
tilised egg to become a female, and those with five, a male, 
of the free-living generation. No explanation has been 
offered of the fact that fertilised eggs with twelve chromo¬ 
somes become females in one generation and hermaphrodites 
in the next, nor of what causes the different behaviour of 
the X-chromosome in the oogenesis and spermatogenesis of 
the hermaphrodite. 

Another hermaphrodite species in which sex-chromo¬ 
somes have been described is the Pteropod Creseis investi¬ 
gated by Zarnik. He found a difference between the 
oogenesis and spermatogenesis to some extent comparable 
with that observed in Rbabdonema, but his results are in 
some respects obscure, and until the case has been e^hmined 
again it is hardly possible to accept them as final, and in 
any case the cytological basis for the production of male and 
female germ-cells by one individual remains unexplained. 
Further investigation of the whole subject is greatly needed. 
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In all the cases mentioned hitherto the male differs from 
the female in producing two kinds of germ-cells, while the 
eggs are all alike, and the natural conclusion to be drawn is 
that in species which show this condition the sex of the 
individual developing from a fertilised egg depends upon 
the spermatozoon. For reasons that will be considered in a 
later chapter, however, it has for some years been known 
that at least in the Lepidoptera and Birds there must be 
male- and female-determining eggs, and it was suggested 
that in these groups of animals it was possible that the 
converse condition might be found—that the female might 
have an odd chromosome or an unlike pair of idio-chromo- 
somes while the male had two equal sex-chromosomes. 
For some time the search for cases of this kind was unsuc¬ 
cessful, but in 1913 Seiler discovered one in the moth 
Pbragmatobia fuliginosa. In this species he found 56 
chromosomes in each sex, 54 autosomes and two large idio- 
chromosomes, but in the maturation divisions the idio- 
chromosomes behave differently in the two sexes. In the 
spermatocytes they pair and separate like the autosomes, 
so that all the spermatids receive 28. In the anaphase of 
the first polar division of the egg, however, the two idio- 
chromosomes behave differently. In the equatorial plate 
of this division they appear as a bivalent, as in the male, 
but in the anaphase one of them divides into two unequal 
parts, while the other, which goes to the opposite pole, re¬ 
mains as a single body. At the end of the first polar spindle, 
therefore, there are 28 chromosomes at one pole (27 auto¬ 
somes and one large idio-chromosome, as in the male), and 
29 (27 autosomes and a divided idio-chromosome) at the 
other. In some eggs the divided chromosome travels tQ the 
outer pole and enters the polar nucleus, in others it goes 
to the inner pole and is included in the egg-nucleus. There 
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are thus two kinds of eggs, one with a complement of 
chromosomes like that of the spermatozoa, and one in 
which the idio-chromosome is divided. 

A still clearer case was discovered shortly afterwards 
(1914) by the writer in the moth Abraxas grossulariata. In 












(3) (4) 

Fig. 19. Chromosomes in the maturation of the eggs of Moths. (Reproduced, 
by permission of the Editor, from Quart. Joum. Micr. Science, Lix (1914), 
p. 506.) (i t 2) Phragmatobia fuliginosa, after Seiler, (i) Outer 
group of first polar division, 27 ordinary and one large chromosome 
(total 28). (a) Inner group of same egg, with 27 ordinary and one 
large chromosome divided (total 29). (3, 4) Abraxas grossulariata, 
strain which has 55 chromosomes in the female before reduction. 
(3) Outer group of first polar division, 28 chromosomes. (4) Inner 
group of same egg, 27 chromosomes. In other eggs the outer group ha» 
27, and the inner group, from which the egg-nucleus is produced, a8* 


this species, as in Phragmatobia , the somatic number is 5 6 
in the male, and also in the majority of females, but in a 
strain which showed peculiar sex-ratios it was found that 
the females had only 55. The equatorial plates of the second 
polar division in this strain show clearly that one has 28 
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and the other 27, and as each kind of equatorial plate may 
be either the inner or the outer, there are evidently two 
kinds of mature eggs, some with 28 chromosomes in the egg- 
nucleus and others with 27. Since all spermatozoa appear 
to have 28, two kinds of fertilised eggs must exist, some 
with 56 and others with 55, corresponding with the somatic 
numbers in the male and female of this strain 1 . 

Up to the present time no other certain example has 
been found of females which produce two kinds of eggs 
differing in their chromosome number, but the two known 
examples are sufficient to make it clear that in the Lepi- 
doptera at least this condition can exist 2 . If, therefore, we 
are justified in regarding sex as being determined by the 
presence or absence of a particular chromosome introduced 
into the zygote by one of the conjugating gametes, we must 
conclude that in a number of animals the presence or 
absence of this chromosome depends on whether it is or is. 
not borne by the spermatozoon, but that in the Lepidoptera,, 
and possibly some other groups, the spermatozoa are all 
alike, and that the differential chromosome is carried by the 

eggs- 

1 Although it can hardly be doubted that the production of males and* 
females in the strain of Abraxas in which the females have 55 chromosomes is 
usually dependent on the presence of either 28 or 27 in the egg-nucleus, a 
curious anomaly must be mentioned. Some females of a strain of this kind 
produce only female offspring, and yet the writer found that the eggs of these- 
females may have either 27 or 28 chromosomes in the equatorial plate of the 
second polar division, so that, unless a chromosome is omitted in this division, 
for which tjiere is no evidence, the egg-nucleus must contain sometimes 27 and 
sometimes 28, although eggs of the same parents, reared to maturity, produced 
only females. 

* Seiler has recently (1917) described a third case in the Psychid moth- 
Talaipma in which the female has 59 chromosomes, the male 60 , and the 
mature eggs either 29 or 30. 
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Germ-cell Determinants 

T he evidence given in the preceding chapter points 
strongly to the conclusion that in many animals sex 
is determined by, or at least is correlated with, the presence 
or absence of a particular chromosome in the fertilised egg, 
or, among parthenogenetic animals, in the egg after matur¬ 
ation. Before proceeding to consider whether other chromo¬ 
somes may be regarded as determining the presence or 
absence of other inherited characters in the same sort of 
way, it will be convenient to make a short digression in 
order to describe how the separation of the germ-cells from 
the other cells of the organism may be dependent on the 
presence of definite bodies which are often known as “germ¬ 
cell determinants.” 

The conception of the “continuity of the germ-cycle” 
was introduced by Weismann, and was based largely on his 
researches into the origin of the germ-cells of Diptera and 
Hydrozoa. The essence of the idea, at least in its original 
form, was that the germ-cells are not produced by the body, 
but exist as an independent cycle, continuous from genera¬ 
tion to generation, living in and nourished by the body, but 
not formed from it. According to this conception, when an 
egg segments, some cells are from the first marked off from 
the rest as primitive germ-cells; they remain undifferenti¬ 
ated while the other embryonic cells become modified into 
the various tissues, and when the organism is adult they 
give rise to ova or spermatozoa. The fertilised egg thus 
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gives rise on the one hand to the body or soma , and on the 
other hand to the cells of the “germ-track” ( Keimbahn); 
the body grows, becomes adult, and finally decays and dies, 
but the germ-cells have a sort of potential immortality, 
giving rise to similar germ-cells, as well as to a body, in the 
next generation. 

This idea, in its original simple form, was soon modified 
in consequence of such phenomena as budding and regener¬ 
ation, in which it was clear that definitely somatic cells 
could give rise to complete new individuals or parts, and 
in place of the distinction between soma and germ-track 
Weismann substituted that of somato-plasm and germ- 
plasm, and supposed that although the somato-plasm or 
body-plasm could never be converted into germ-plasm, yet 
ordinary body-cells might retain sufficient germ-plasm to 
enable them to regenerate lost parts or even to produce a 
complete individual. It is not our purpose to discuss any 
further this speculation of Weismann’s, which, whether 
true or false, has had very great influence on the biological 
thought of the past thirty years, but rather to consider 
some of the cases in which the differentiation of body-cells 
from germ-cells may actually be observed. 

In a considerable number of animals, belonging to differ¬ 
ent groups, at an early stage of embryonic development 
certain cells are recognisable which remain distinct from 
the surrounding cells and ultimately give rise to the gonads. 
Cells of this kind have been known for many years in 
Sagitta, in certain Nematodes and Insects, and in some 
other forms, but only more recently has it been shown that 
they are cytologically different from the neighbouring cells 
which give rise to the body tissues. One of the earlier 
cases in which, this was demonstrated was the embryo of 
the Nematode Ascaris megalocephala investigated, by 
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Boveri (1903 a). In the variety univalens of this species 
there are two long chromosomes in the fertilised egg, each 
■of which has the ends somewhat thickened. In the first 
segmentation division each of these divides longitudinally 
in the ordinary way, giving rise to two cells each with two 
long chromosomes in the nucleus. In the second division, 
however, the two cells behave differently; in one the two 
chromosomes divide as before, but in the other they each 
break up into a string of small elements, and throw off the 
swollen ends (PI. XXI). The small bodies into which the 
middle part of the chromosomes have broken up divide like 
ordinary chromosomes; the cast-off ends do not divide but 
become included irregularly in the two daughter-cells when 
the cell divides. In the four-cell stage there are thus two cells 
with large nuclei containing the complete long chromosomes, 
and two cells with smaller nuclei in which “chromatin- 
diminution” has taken place. In the next (third) segmenta¬ 
tion division the numerous small chromosomes appear and 
•divide in the two cells that have undergone diminution; of 
the other two cells, one retains the two full-sized chromo¬ 
somes and the other in its turn undergoes diminution, the 
chromosomes breaking up into numerous small elements 
and throwing off their ends. In the fourth and fifth divisions 
the same process is repeated (i.e. four times in all), so that 
in the equatorial plate of the division between the sixteen 
and thirty-two cell stages fourteen cells have already the 
"“diminished” chromosomes, in one the chromosomes are 
undergoing diminution, and in the sixteenth the chromo¬ 
somes remain as they were in the fertilised egg. This last 
cell is the primitive germ-cell; its descendants undergo no 
further diminution, and from them only the gonads are pro¬ 
duced, while the remaining fifteen cells give rise to the rest 
of the body. 



Plate XXI 



lour stages of the segmentation of the egg of Atiatn mt^alouphald univahn f, 
somewhat diagrammatic, ifter BovtRi (1903 a) 

a Close of first division, in the upper cell the long chiomosomcs art bre iking 
up into short units and throwing off the thickened ends 
b Anaphase of second division, in the upper tell the thickened ends of the 
chromosomes take no part in the mitosis 
c Four-cell stage with resting nuclei 

d Metaphase of third division, m the upper cells in face, in the lower cells 
from the side The left lower ceil is undergoing “chromatin diminution ’ 




xii] ASCARIS, SAGITTA 175 

Somewhat similar chromatin-diminution has been found 
by later investigators in other species of Ascaris (for ex¬ 
ample, A. hmbricoid.es), but it has not been observed in a 
number of other Nematodes which have been examined. 
Although the whole of the chromatin is retained in the cell 
which will give rise to the germ-cells, while some of it is 
extruded from the nucleus in the other cells, experiments 
(such as centrifuging the eggs during development) show 
that some cytoplasmic factor determines whether diminu¬ 
tion shall occur or not, for in eggs which have been centri¬ 
fuged or are otherwise abnormal two cells may retain the 
full complement of chromatin and both become primitive 
germ-cells. The case may thus be compared in this respect 
with the process that determines sex in Phylloxera, where 
the presence or loss of a particular chromosome in the egg 
determines the sex of the individual which develops from 
it, but some pre-existing factor decides whether the chromo¬ 
some shall be extruded or not. Phenomena in some ways 
comparable with the chromatin-diminution of Ascaris are 
found in the developing oocytes of certain Insects, but 
before describing this it will be convenient to consider other 
cases of bodies which appear to determine the origin of the 
primitive germ-cells in the early embryo. 

One of the classical examples of the very early differenti¬ 
ation of the germ-cells is the little marine organism Sagitta, 
the systematic relationships of which are still quite obscure. 
In the adult the coelom is divided towards the hind end of 
the body by a transverse septum, and a longitudinal 
septum separates each portion into right and left halves. 
Just in front of the transverse septum on each side lie the 
two ovaries, and the testes are .in corresponding positions 
behind it. Each ovary and testis is derived from a single 
cell, and these four cells are formed by the division of two 
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cells which are visibly differentiated from the rest of the 
embryo in the gastrula stage. Lastly, these two primitive 
germ-cells are derived from a single cell of the 32-cell stage, 
so that this one cell gives rise to the gonads and to nothing 
else. To describe the origin of this cell it will be best to 
begin with the egg at the time of fertilisation and trace its 
development, as it has been worked out by Elpatiewsky 
(1910), Miss Stevens (1910 £) and Buchner (1910). At the 
stage when the male and female pronuclei are approaching 
conjugation, a body appears at the edge of the egg (usually 
called Elpatiewsky’s “besonderer Korper”), consisting at 
first of a mass of granules which stain deeply and which 
later condense to a homogeneous stained mass. The origin 
of this body is unfortunately uncertain. Elpatiewsky and 
Miss Stevens find no trace of it at an earlier stage, while 
Buchner maintains that it is derived from the nucleus of an 
accessory cell which is concerned in guiding the spermato¬ 
zoon to the egg, and which, he supposes, enters the egg 
protoplasm and gives rise to the “besonderer Korper.’* 
The two former investigators, however, give good reasons 
for believing that Buchner is mistaken, and the only other 
suggestion is that the body is derived from chromatin 
granules which are extruded from the oocyte nucleus at a 
rather earlier period, although, if this is so, the intervening 
stages have not been found. Whatever its origin, the 
“besonderer Korper” does not divide in any of the first 
five segmentation divisions of the egg, with the result that 
at the 32-cell stage it is confined to one cell, and this be¬ 
comes the primitive germ-cell (PI. XXII, upper four figures). 
When this cell divides, the body breaks up into several 
pieces, some of which pass into both daughter-cells, but 
according to Elpatiewsky and to Miss Stevens the 
distribution is uneven, one cell receiving more than the 





Expianation ok Platf XXII. 

Upper four figures. Stages in the development of the egg of Scigitta. 

Slightly modified from Elpatifwsky (1909). 

a. Conjugation of egg and sperm nuclei. Polar nuclei below, germ-cell 
determiner (“besonderer Kbrper*') above. 

b. Four-cell stage—germ-cell determiner in one blastomere. 

c. 32-cell stage. The cell of the 16-cell stage which contained the germ¬ 
cell determiner has divided into two cells, an upper which forms the primitive 
germ-cell and a lower which is the first primitive endoderm-cell. 

( 1 . Section of gastrula with two primitive germ-cells in archenteron. 

Lower five figures. Stages in the fertilisation and segmentation of Cyclops* 

after Am ma. 

a. Sperm and egg nuclei in contact. Beginning of first cleavage spindle and 
first appearance of ectosomes. 

b. Metaphase of first cleavage; ectosomes at upper pole. 

c. Anaphase of second cleavage; ectosomes at upper pole of one cell. The 
larger granules are ectosomes persisting from the preceding division. 

d. r 3-cell stage, 4th division of the granule-containing cell. Ectosomes at 
the lower pole. 

e. Completion of 4th division of granule-containing cell into a lower cell, 
G , with granules, which forms the primitive germ-cell, and an upper cell, 
E y which gives rise to the endoderm. The other blastomeres are under¬ 
going their fifth division. 
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other. They suppose that this division is a differential 
one, and that one of the cells formed by it gives rise 
to both the testes, the other to the ovaries. Here again 
Buchner disagrees, and maintains that the separation of 
the primitive spermatogonium from the primitive oogonium 
takes place at the next division, when the two primitive 
germ-cells divide into four, but on the whole Miss Stevens’ 
evidence points more strongly to the former opinion. In 
Sagitta, therefore, as in Ascaris , a single primitive germ¬ 
cell is differentiated at an early stage of segmentation by 
the presence of a body that is absent from the other cells, 
but in Sagitta the body is of unknown origin and not cer¬ 
tainly chromatinic, while in Ascaris it consists in parts of 
the chromosomes. 

A third case of the very early differentiation of a primitive 
germ-cell is provided by the paedogenetic eggs of Miastor, 
a fly of the Dipteran family Cecidomyidae. The main out¬ 
lines of the process were observed more than fifty years ago 
by Leuckart and Metschnikoff, and more recently by 
Kahle (1908) in Europe, and Hegner (1914) in America. 
Miastor is remarkable in having larvae which reproduce 
viviparously by a process of parthenogenesis (“paedo- 
genesis”). The mature larvae have two ovaries, each con¬ 
taining typically thirty-two oocytes, though the number 
may be smaller owing to the suppression of some of them. 
The oocytes are peculiar in having attached to them a group 
of nurse-cells that are not derived, as in most other insects 
from oogonia, but are immigrant mesoderm cells. At the end 
of the egg opposite the nurse-cells is a patch of protoplasm 
called by Hegner the pole-plasm. The egg-nucleus under¬ 
goes a Bingle, non-reducing polar division, and the mature 
nucleus then begins the segmentation mitoses in the central 
yplky portion of the egg. When two divisions have taken 
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place, one of the four nuclei produced enters the pole-plasm 
at the posterior end of the egg, and in the next division its 
behaviour differs from that of theother three(Pl. XXIII). In 
the division of the three nuclei in the yolk a process of chroma¬ 
tin-diminution takes place. Parts of each chromosome, or 
possibly some complete chromosomes—the descriptions are 
not explicit on this point—are left behind in the equatorial 
region of the spindle in the anaphase, so that the daughter- 
nuclei contain only a portion of the chromatin that was 
present in the parent nucleus. The fourth nucleus, situated 
in the pole-plasm, meanwhile undergoes a normal mitotic 
division without diminution, and of the two nuclei pro¬ 
duced from it one remains in the pole-plasm and the other 
moves forward into the yolk. At the next (fourth) seg¬ 
mentation division each of the nuclei in the yolk, including 
the sister-nucleus of that in the pole-plasm, again undergoes 
chromatin-diminution, and according to Kahle in their sub¬ 
sequent divisions these nuclei show only half the number of 
chromosomes that are present in the germ-cells. At the 
stage when eight nuclei are present the pole-plasm with its 
included nucleus is cut off from the rest of the egg as a 
separate cell, which does not divide again immediately. 
This is the primitive germ-cell, and in its subsequent 
divisions it always retains the full amount of chromatin. 
It later divides into two, and then into four and eight, and 
these eight cells group themselves in two rows of four, one 
on each side of the embryo, to give rise to the ovaries. 
Then by three more divisions the number of cells in each 
ovary is increased to thirty-two, which is the number of 
oocytes in the mature ovary. It is remarkable that the 
primitive germ-cell gives rise to nothing but germ-cells, for 
the nurse-cells originate from the enclosing mesodermal 
envelope; also that the total number of cell-divisions from 



Plate XXI11 




Segmentation of the egg of Miastor americanus> after Hkgner (1914). 

1, two segmentation nuclei ( c.n .), dividing polar nucleus (p-b.), polar plasma 

(germ-cell determiner,/>./>.), and group of nurse-cells ( n.c .). 

2, rather later stage with one primordial germ-cell (p^g-c,), nuclei undergoing 

chromatin-diminution ( r.m .), and clumps of cast-out chromatin ( c.r .). 

3, 4, early and later blastoderm stages with two and four primordial germ-cells. 
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its separation to the production of the full-grown oocytes 
seems always to be six. 

The case of Miastor is interesting from the fact that it 
includes a process of chromatin-diminution in the body- 
cells, but not in the germ-cells, much as in Ascaris , but that 
the determining cause of the development of one nucleus 
into a germ-cell seems to be its association with the visible 
pole-plasm at the hind end of the egg. A similar pole-plasm, 
or a group of staining granules which corresponds with it, 
has been observed in a number of other Diptera, and as in 
Miastor those segmentation nuclei which come into relation 
with it become the primitive germ-cells. Miastor is, how¬ 
ever, the only insect in which it has been observed that the 
body-cells are distinguished from the germ-cells by chro¬ 
matin-diminution. 

Very similar phenomena to those found in the Diptera 
other than Miastor have been described by Hegner in the 
Chrysomelid Beetles Calligrapha and Leptinotarsa. In 
these there is a group of granules at the posterior end of 
the egg, and when, after repeated segmentation divisions, 
some of the nuclei come to the surface to form the blasto¬ 
derm, four nuclei come into relation with these granules, and 
instead of taking part in the general blastoderm formation, 
they push their way through the egg-surface and form a 
group practically outside the egg. As they do this they take 
some of the protoplasm and the granules with them, and 
by two successive divisions give rise to sixteen cells, which 
§re the primitive germ-cells. It appears to be a matter of 
■chance which of the segmentation nuclei come into connec¬ 
tion with the granules and so give rise to germ-cells, and 
Hegner showed that by destroying the granules with a hot 
needle in the fresh egg, embryos without germ-cells were 
produced. 


ia— 2 
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A germ-cell determinant of a different kind has been 
described by Silvestri and others in the parasitic Hymen- 
opteran Litomastix ( Copidosoma ). It consists of a deeply- 
staining compact body lying in the egg before maturation, 
called by Silvestri the oosoma (Text-fig. 20). The egg 
is very small, and undergoes total segmentation (very 
rare in Insects) and the stained body remains undivided 
and is enclosed in one cell at the four-cell stage. It then 
enlarges and breaks up, so that when this cell divides 
both daughter-cells will contain part of it. As these cells 
divide, always containing portions of the stained body, 
they form a mass at the anterior end of the embryo. 
This mass then breaks up into a number of cell-groups 
or morulae, some of which again divide in the same way. 
Ultimately each of the morulae develops into a larva, 
so that one egg gives rise to scores or hundreds of larvae. 
The larvae are said to be of two kinds; some are normal 
Hymenopterous larvae with all the usual organs, including 
gonads; others are “sexless” larvae with no gonads and 
reduced alimentary canal. The sexless larvae never develop 
to adults, and Silvestri believes that they are formed from 
groups of cells which have received no portion of the stained 
body of the egg. In related species in which polyembryony 
does not occur it seems almost certain that a similar stained 
body determines the cells which will become primitive germ- 
cells. Of the origin of the stained body little is known; 
Silvestri’s supposition that it is the nucleolus extruded 
from the egg-nucleus, and Hegner’s, that it is derived from 
the chromatin of a degenerate oocyte, have both been dis¬ 
proved, and it seems more probable that it is a portion of 
modified and concentrated protoplasm, as in the Diptera 
and Coleoptera. 

The early differentiation of primitive germ-cells has also 



Fig. 20. Stages in the development of Litomastix , after Silvestri (1906). 

a . Conjugation of egg and sperm nuclei. The dark vacuolated body is the 
“ oosoma,” and near the upper pole of the egg are the three groups of 
polar chromosomes. 

b , c. Two- and four-cell segmentation stages. The polar chromosomes unite 

into a single nucleus and the oosoma passes undivided into one daughter 
cell ( b ) and begins to break up (r). 

d. Fourteen-cell stage: the polar nucleus has divided into four; the oosoma 
has broken up and its fragments are contained in two cells which lag 
behind the others in division. 

i. Twenty-cell stage: the fragments of the oosoma are contained in four 
cells; the polar nucleus has divided into sixteen. 

f. Later stage. The polar nuclei and the protoplasm surrounding them 
have given rise to an envelope (trophamnion) surrounding the em¬ 
bryonic mass. The latter consists of Largdr cells at the anterior and 
smaller cells at the posterior end. The larger cells are probably derived 
from those containing fragments of the oosoma. 
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been observed in several Entomostraca, and here also germ¬ 
cell determinants of very different types have been de¬ 
scribed. In Cyclops and other Copepods Amma, following up 
the work of earlier observers, describes a cloud of staining 
granules, which he calls “ectosomes” at one pole of the first 
segmentation spindle of theegg(Pl. XXII, lower five figures). 
In Diaptomus they appear when the spindle is forming and 
the sperm and egg nuclei have not yet united, in other 
genera they appear first during the mitosis. They all become 
included in one daughter-cell, and at the next division, in 
addition to the remains of the old granules, a new lot 
appear at one pole and are included again in one cell. This 
is repeated till the fourth division of the granule-bearing 
cell but before the fifth division of this cell, which is 
simultaneous with the sixth of the other cells, the granules 
become evenly spread through the cell, and are distributed 
equally to both daughter-cells, which become the primitive 
germ-cells. With regard to the origin of the “ectosomes,” 
Amma rejects the hypothesis that they are derived from the 
nucleus or nucleolus, and concludes that they are products 
of the cell metabolism which appear temporarily and are 
then re-absorbed. 

In the Cladoceran Polyphemus, Kuhn (1913) finds that 
a nurse-cell enters the egg before cleavage; in the fourth 
segmentation division the blastomere containing it divides 
into two cells, of which the one which includes the now frag¬ 
mented nurse-cell becomes the primitive germ-cell and the 
other the first endoderm cell. In the succeeding divisions 
of the primitive germ-cell, the remains of the nurse-cell are 
distributed to both daughter-cells. In other Cladocera which 
have been examined for comparison no similar germ-cell 
determinant has been discovered. 

From the examples described it will be seen that the so- 
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called germ-cell determinants are of very different types in 
different animals, and that their occurrence appears to be 
very irregular, since they may be present in one genus and 
absent in others that are nearly related to it. In some cases 
the difference between germ-cells and body-cells seems to 
depend on the presence of chromatin in the germ-cell 
nuclei which is lost from those of the body-cells, but the 
extrusion of chromatin, when it occurs, appears to be de¬ 
pendent on cytoplasmic factors, and in other animals only 
the cytoplasmic factor is present and the chromatin con¬ 
tent of germ-cells and body-cells is to all appearance alike. 
And of the real nature of the cytoplasmic factor, hardly 
anything is known; its existence is only certain when some 
portion of protoplasm, or of bodies in it, stains differently 
from the rest, and the apparently great difference between 
related species may be due, in some instances at least, to 
a mere difference of staining capacity of the protoplasm 
concerned with the differentiation. 

The examples mentioned hitherto have all been concerned 
with the very early differentiation of germ-cells in the 
embryo, but other cases have been observed where a visible 
cytological differentiation occurs at a much later stage. 
Only two of these will be described. One of the best known 
is that of the separation of the oocyte from the nurse-cells 
in the Beetle Dytiscus, described by Giardina and subse¬ 
quently byDsBAisiEUx and by Gunthert. After a series of 
typical oogonial divisions, their nuclei undergo a curious 
differentiation; the chromosomes appear in one half of the 
nucleus while the other hemisphere is filled with staining 
granules which, according to Gunthert, are produced by 
separation of fragments from the chromosomes, though 
Debaisieux regards them as of nucleolar origin. The mass 
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of granules becomes arranged in a crescentic form around the 
nucleus, and when the cell divides the whole of this crescent 
passes to one pole, where it surrounds the reconstituted 



Fig. 21. Stages in the development of oocytes and nurse-cells in 
Dytiscus , after Gunthert. 

a. Oogonium with cresent-shaped mass of granules in nucleus. 

b. First differential division 5 the granules form a crescent at one pole 

c. Second differential division, metaphase 5 the granules encircle the spindle. 

d . Fourth differential division. 

e. Growing oocyte after completion of fourth differential division. Only five 
of the fifteen nurse-cells are seen in the section. 

nucleus of the daughter-cell. The cell which receives it is 
that which contains the “ Spindelrestkdrper ” of the pre¬ 
ceding division. Both cells then- divide again, that with 
the crescent or “chromatic ring” of Giardina again under- 
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going a differential division, and the process is repeated in 
all four times, giving rise to a group of sixteen cells, of which 
one contains the chromatic ring and the other fifteen are 
without it. All the cells remain connected together by short 



Fig. 22. Diagram of differential division of a Sertoli cell from spermatogonia 
in Man, after Montgomery (1911 £). 

stalks, due to incomplete division. The cell with the chro¬ 
matic ring is the oocyte, and the fifteen others become 
nutritive cells which supply nourishment to the oocyte 
during its subsequent growth. In the later oogenesis of 
Dytiscus, therefore, as in Ascaris and Miastor , a true germ¬ 
cell is separated from cells that will not become germ-cells 
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by possessing chromatin which is absent from the others, 
but in this case the nutritive cells do not simply extrude 
chromatin which is lost, but all of it goes to the germ-cell 
by means of what Boveri calls a more economical type of 
differential division. 

The last example to be mentioned is that of the differen¬ 
tiation of the spermatogonia from the Sertoli cells in Man, 
described by Montgomery (1911 b). In the later generations 
of spermatogonia a rod-like body is present in the cytoplasm, 
and in the last division but one this rod passes over into one 
daughter-cell. Both the cells so produced divide again, and 
again the rod passes into one of the cells so formed. Of the 
four cells produced by these two divisions, three are thus 
without the rod and one contains it. The three cells without 
it develop into primary spermatocytes and give rise to sper¬ 
matozoa, while the cell that contains the rod grows into a 
Sertoli cell. This case thus differs from all the others men¬ 
tioned in the fact that the true germ-cells lack a body which 
is present in a sister cell that does not become a germ-cell, 
while in the other cases of differential division the visible 
differentiating body has marked off the germ-cell from the 
cells which perform other functions. (Text-fig. 22.) 

In conclusion, the chief impression that is gained from 
the comparative study of “germ-cell determinants,” at least 
when they are present at the beginning of development and 
become confined to the cells of the germ-track by differential 
division, is that although these bodies are evidently strictly 
correlated with the germ-cells, there is no absolute certainty 
that they are the cause of the differentiation of germ-cells 
from body-cells. In Miastor, for example, the germ-cells 
do not undergo the chromatin-diminution that is character- 
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istic of the body-cells, and yet the cause of the difference 
seems rather to lie in the pole-plasma than in the additional 
chromatin. In A scans, although no visible cytoplasmic 
factor is present, the experimental evidence points to a 
similar conclusion, and it may therefore be important to 
keep in mind the possibility that a body may be a constant 
feature of the germ-cells as distinguished from body-cells, 
and yet not be the cause of the difference in function and 
behaviour. 

Gatenby’s suggestion in his work on Trichogramma 
(1918 b) that “the function of the determinant is nutrimen- 
tal” may well be true of similar bodies in other forms. If so, 
it may be supposed that the various forms of germ-cell deter¬ 
minants are at least usually either themselves masses of re¬ 
serve material, or are the visible expression of the existence 
of supplies of such material in the cells, which result in delay¬ 
ing or preventing cell differentiation, and so cause the cells 
to remain in an embryonic condition. The body-cells would 
thus undergo differentiation, while the cells containing the 
“germ-cell determinant” would remain in their primitive 
unmodified condition, and so be capable at a later stage of 
giving rise to germ-cells 1 . 

1 Gatenby (1918 c) concludes that in the polyembryonic Hymenoptera 
(Litomastix , etc.) there is no evidence of a " germ-track,*' and that Silvestri’s 
oosoma “ has no other effect than that of temporarily stopping mitosis in the 
cells which happen to contain it.” But in these species the egg divides at the 
beginning of development into an anterior part which forms the embryonic 
envelope, and a posterior part which forms the cells that give rise to the 
numerous embryos (Fig. 20$ cf. also Fig. 10, p. 82). This suggests the 
speculation that the posterior part may perhaps be regarded as a single primitive 
ovum, which divides into many ova, and that these then undergo partheno- 
genetic development into larvae. If this were true, the polyembryony of such 
forms as Litomastix could be correlated with the alternation of sexual and 
parthenogenetic generations in the Cynipidae. 



CHAPTER XIII 


The Theory of the Individuality of the 
Chromosomes 

I t is now necessary to return to a further consideration 
of the behaviour and functions of the chromosomes, 
from which the subject of germ-cell determinants was to 
some extent a digression, and in particular to discuss a 
theory which may be regarded as one of the broadest and 
most fundamental generalisations of modem cytology. This 
theory, due very largely to the late Prof. Boveri, is now 
very widely, but by no means universally, accepted, and is 
the foundation of all the more recent hypotheses and specu¬ 
lations on the function of the chromosomes in relation to the 
transmission of hereditary characters/ Put quite shortly the 
theory of the individuality of the chromosomes states that 
the chromosomes behave in a certain sense as individuals, 
remaining in existence from one nuclear division to the next, 
during the so-called resting stage of the nucleus, and dividing 
in mitosis to form two new individuals each exactly like the 
parent chromosome from which they originated; Stated in 
an extreme form, the theory maintains that the chromo¬ 
somes behave like independent organisms living in a sort of 
symbiosis with the rest of the cell, deriving their substance 
from it and secreting substances that are used by it,' but 
remaining as distinct from it as the “Zooxanthellae” in the 
body of a Radiolarian. Such a statement must of course be 
regarded as metaphorical, and rather as illustrating the kind 
of individuality that is meant than as describing the con¬ 
dition as it is supposed actually to exist, but even with this 
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provision the most convinced adherents of the indivi¬ 
duality theory no longer hold it in this extreme form. ^For 
in what has gone before it has already been seen that in 
several cases the chromosomes cannot be regarded as indi¬ 
viduals in any such sense, for bodies which at some stage 
behave as one chromosome may sometimes break up at 
another stage into several or many smaller units. A con¬ 
spicuous example of this is seen in the segmentation of the 
eggs of Ascaris, in which the two long chromosomes of the 
fertilised egg not only throw off their thickened ends, but 
also break up into many small portions, in the cells which 
do not give rise to the germ-track? Similar division of chro¬ 
mosomes that at some stage behave as units has been ob¬ 
served in several animals, and other reasons for regarding 
the chromosomes as compound will be considered in the 
chapter on their relation to hereditary characters. 

* In consequence of facts of this nature, the original 
individuality hypothesis has been modified in such a way 
as to assume that the chromosomes as they ordinarily appear 
are not indivisible units, but are composed of smaller por¬ 
tions to which the theory of individuality applies strictly. 
According to this view the chromosomes are definite aggre¬ 
gations of individual units arranged in a constant manner; 
the units persist as individuals from one mitosis to the next 
during the resting stage, and since they are arranged along 
the chromosomes in a definite order, when the chromosomes 
divide in the mitotic figure, their component units are 
similarly divided, so that each daughter chromosome is 
composed of a similar series of individual units. Although, 
therefore, the units are the ultimate individuals, the chro¬ 
mosomes themselves have also a definite individuality, for 
they are composed of a constant series of these smaller 
individuals. As a rough analogy, the units may be com- 
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pared to the men of which a regiment is composed, and the 
chromosomes to the regiment. The regiment commonly acts 
as a whole, and has a definite corporate individuality of its 
own, but is made up of many indivisible units, which may 
on occasion be replaced by others, and to which the word 
individuality in its strict sense can be applied 1 . It now re¬ 
mains to consider the evidence upon which this theory rests. 1 

The theory of chromosome individuality is based on a 
number of different and often quite independent arguments, 
most of which are due very largely to Bover i, who set them 
forth in a famous paper in 1903 (see bibliography). Since 
then many more recent discoveries have confirmed and 
amplified some of his arguments, and some new ones have 
been added, while very few of the facts and ideas which he 
brought forward in support of the theory have been seri¬ 
ously challenged. The discussion that follows will therefore 
be based to a considerable extent on Boveri’s paper, 
although more recent examples will be used when they seem 
better adapted to illustrate the matter under discussion. 
The lines of argument may be arranged most conveniently 
under,separate headings. 

(f/The definite number of chromosomes in each species. 

In general, though with significant exceptions, the chromo¬ 
some number is constant not only in all the cells of an indi¬ 
vidual, but in all individuals of a species. This fact, without 
in any way proving their individuality, certainly makes it 
more probable, for if the chromosomes behave as individuals 
the constant number is a logical necessity, while otherwise 
it must be assumed that some innate characteristic of the 
species causes the chromatin of the nucleus to concentrate 
itself into the same number of portions at each mitotic 

1 This analogy of the chromosomes to regiments of men is doe originally 
to Fick, and is a modification of his well-known ** Mandvrier-hypothete/* 
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division. And the various kinds of exceptions to the rule 
provide strong arguments in favour of the individuality 
hypothesis, for all, or nearly all, are easily explained by its 
aid, but are quite inexplicable otherwise. For example, 
Boveri points out that occasionally in Ascaris megalo- 
cephala univalens an abnormal polar division may leave two 
chromosomes in the mature egg instead of one. Such an egg, 
fertilised by a normal spermatozoon with one chromosome, 
contains three chromosomes in its zygote-nucleus. If the 
chromosome number were determined by some inherent 




Fig. 23. Segmentation of a three-chromosome egg of Ascaris, showing that the 
abnormal chromosome number persists to the gastrula stage. The large 
cell in the later embryo is the primitive germ-cell; Po, the polar body. 
From Boveri (1903 a). 


character of the species, it would be expected that in the 
later segmentation divisions the chromatin would be aggre¬ 
gated into the two chromosomes which are characteristic 
of normal embryos of this species, though each might per¬ 
haps be rather larger than usual. But in fact it is found that 
such eggs continue to show three chromosomes in the cells 
of the germ-track (which do not undergo diminution) up to 
the end of the segmentation stages; when once the number 
has become abnormal through any cause, it remains so al¬ 
though the development is otherwise typicaf(Text-fig. 23). 
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A similar and still more striking instance of the same sort 
of thing will be described in a later chapter when discussing 
“non-disjunction” of chromosomes in Drosophila. 

Other examples of abnormal behaviour of chromosomes 
causing a departure from the typical number, but support¬ 
ing the individuality hypothesis are provided by the obser¬ 
vations of Montgomery on Euschistus (1910) and of 
Wilson on Metapodius (1909), two genera of Hemiptera. In 
Euschistus Montgomery found that not very rarely a pair 
of chromosomes failed to conjugate in the first spermatocyte 
division, but remained separate and divided equationally. 
In nearly all cases, however, they corrected this deviation 
from the normal behaviour by conjugating and separating 
from one another in the second division. Still more striking 
are Wilson’s observations on Metapodius , already referred 
to in Chapter XI (PI. XVIII). He finds that in different 
individuals there is a variable number of “supernumerary” 
chromosomes, which behave in the spermatocyte divisions 
in the same way as idio-chromosomes. Although the number 
varies in different specimens, it is constant in the cells of 
any one specimen, and all the various numbers found can 
be accounted for on the assumption of the occasional passing 
of the J'-chromosome to the same pole as the X, giving 
rise to a spermatozoon with an extra chromosome, if it is 
conceded that this chromosome retains its individuality. 
Furthermore, there is in Metapodius one pair of very small 
chromosomes, and in all the sperm-cells of one specimen 
Wilson found that instead of a normal supernumerary 
there was an extra chromosome which in the first spermato¬ 
cytes united with this pair and passed with one of them to 
the pole. In appearance it was indistinguishable from an 
ordinary supernumerary, but its different behaviour proved 
its individuality. 
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Again, the persistence of the reduced number of chromo¬ 
somes in the cells of parthenogenetic embryos is an example, 
of a somewhat different kind, of the retention of an abnor¬ 
mal number when it has once been produced. In this case, 
however, in some animals at least the normal (diploid) 
number is restored in some of the tissues, probably by a 
division of the chromosomes without nuclear division. In 
some male Hymenoptera, for example, the haploid number 
persists in the germ-cells, and, at least to a late larval stage, 
in the cells of the nervous system, while in other somatic 
cells the diploid number is restored.* 

Instances of abnormality in chromosome number in the 
opposite direction are afforded by so-called “tetraploid” 
races of animals and especially plants, in which all the 
nuclei contain twice as many chromosomes as are charac¬ 
teristic of the species. In a number of plants (Primula, 
Oenothera , etc.) races are known in which the chromosomes 
have double the normal number; frequently such plants are 
giants, in consequence of the large size of their cells, and 
often also they are apogamous, that is, their ovules develop 
parthenogenetically without requiring fertilisation. This 
apogamy of tetraploid plants may be compared with the 
condition already referred to in Artemia, in which the race 
with 84 chromosomes is parthenogenetic, while that with 42 
reproduces sexually. In the banana three races have 8,16 
and 24 chromosomes respectively in their nufclei, and in 
different species of Chrysanthemum the (haploid) numbers 
9,18,27,36 and 45 have been recorded 1 . Winge points out 
that in plants 6, 8, 9, 12 and 16 are much the commonest 
haploid chromosome numbers, and that the next most fre¬ 
quent numbers are simple multiples of these. All these facts 
suggest that the chromosomes are to some extent individuals, 
1 Tabaka and Tischlsr, quoted by Wikoe (1917). 
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and that changes from one number to another occur either 
by reduplication or by nuclear fusion not followed by a 
“^reducing” division. 

v The examples of various kinds of numerical abnormality 
given above thus suggest that the chromosome number is 
dependent on the behaviour of the chromosomes as indi¬ 
viduals, and not on some innate tendency for the chromatin 
of the nucleus to aggregate itself into a definite number of 
masses during mitosis, while ceasing to have any such ar¬ 
rangement in the resting condition of the nucleus/ 



Fig. z 4. Ascaris megalocephala bivalent. Above, three equatorial plates of 
first segmentation division showing different arrangements of chromo¬ 
somes, Below, nuclei of two-cell stage in reticular condition and in 
preparation for the next division. From Boveri (1903 a). 


(2) The persistence of definite chromosomes in the resting 
stage of the nucleus. 

Generally speaking the chromosomes are only visible as 
definite bodies during mitosis, and one of the chief objec¬ 
tions to the individuality hypothesis is that not only do they 
disappear in the reticular stage of the nucleus, but observa¬ 
tion seems to show that in this stage the chromatin becomes 
more or less uniformly distributed over the network, and 
that the chromosomes, as such, cease to most. Careful 
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observation of nuclei, however, especially in the telophase 
and early prophase of mitosis, has provided evidence that 
in some organisms the chromosomes, or at least the frame¬ 
work or basis of them, may be traced continuously from one 
mitosis to the next, and if this is true in some cases, the 
failure to observe it in others does not prove that no con¬ 
tinuity exists, but only that the conditions are unsuitable 
for detecting it. One of the first instances of apparent con¬ 
tinuity to be observed was described by Boveri in the early 
segmentation stages of the egg of Ascaris. In A. megalo- 
cephala bivalens there are four long chromosomes with 
thickened ends in the equatorial plate of the first segmenta¬ 
tion division. They divide longitudinally, so that four 
similar chromosomes travel to each pole and are included 
in the nuclei of the two-cell stage. Their arrangement in the 
equatorial plate varies in different eggs, as is shown in Text- 
fig. 24. When the daughter nuclei are formed, projections 
of the nuclei membrane are seen, corresponding with the 
projecting ends of the chromosomes, and although in the 
resting stage no trace can be seen of the chromosomes as 
such, when the next nuclear division approaches the chro¬ 
mosomes can be seen forming in the nucleus with their ends 
in the projections that have persisted since the preceding 
telophase. The impression gained from a study of such 
nuclei is that although the chromosomes are invisible in the 
resting stage, they, or their frame-work, have been there 
all the time, and that they become visible in the prophase 
of one mitosis in the exact position in which they disappeared 
in the telophase of the one before. 

In the plant Carex aquatilis Stout has been able to ob¬ 
serve the chromosomes continuously from one mitosis to the 
next through the whole of the resting stage. The only period 
in which they are not recognisable is in the spireme and 

13—a 
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synizesis stages of the maturation of the pollen grains, when 
they become “spun out” into long threads that are not 
separable as individuals. And several investigators, in 
attempting carefully to follow the chromosomes from one 
division to the next have thrown important light on the 
nature of the nuclear network in the so-called resting stage. 
The work of Bolles Lee (1912) on the development of the 
pollen-grains of the plant Paris quadrifolia, and that of 
Wilson (1912) and others on the spermatogonia of several 
insects, may be taken as examples. Bolles Lee finds that 
at the close of the second maturation division of the pollen 
grains the chromosomes first become vacuolated and then 
gradually elongate into spiral threads, and that with suffi¬ 
cient magnification the spirals are still recognisable in the 
resting nucleus. The apparent reticulum of the resting 
nucleus is in fact a number of spiral threads, to some extent 
intertwined, but evidently retaining their individuality and 
each derived from a single compact chromosome of the pre¬ 
ceding anaphase stage. In plants there is a nuclear division 
in the pollen grain after the second maturation division, 
and when this approaches, the fine spirals are seen to con¬ 
tract and thicken and to become vacuolated as they were 
in the preceding telophase. The vacuoles form a row along 
the centre of the chromosome, and mark the line along which 
the longitudinal division will take place. After the division 
is completed, the same process of forming elongated spirals 
can again be seen, and in the two resting nuclei of the 
mature pollen grain, the structure which on superficial ex¬ 
amination appears as a retitulum is found when examined 
carefully to consist of these fine spiral threads. 

Kristine Bonnevie has drawn similar, but notidentical, 
conclusions from her work on Ascaris, Allium (the Onion) 
and Ampbitma, She finds that within the chromosomes of 
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the telophase a spiral chromatinic thread appears; the outer 
part of the chromosome disintegrates, and the spiral thread 
elongates and sends out branches which join those of neigh¬ 
bouring threads, so forming the nuclear reticulum. In the 
prophase of the next division the anastomoses are with¬ 
drawn, and the spirals contract to form the chromosomes. 
She points out that this means that the chromosomes of one 



Fig 2 5 Chromosomes emerging from nuclear network in Hcmiptera, from 
Wilson (1909 b ) 1—5, Spermatogonial prophases of Pbiynotetttx 

1, Reticular nucleus with irregular chromatin masses ; 2, 3, these masses 
becoming resolved into spirals ; 2, side view, 3, polar view 5 4, 5, spiral 
threads becoming shortened and thickened; 6—8, emergence of elongated 
chromosomes from reticulum of spermatocyte of Lygaeus 5 the thick 
double rods are the X - and ^-chromosomes 


division are not identical with those of the telophase of the 
preceding, but are formed endogenously within them. 

In the spermatogonia of various insects, especially certain 
Hemiptera and grasshoppers, and also in other forms, a 
somewhat analogous condition has been described. In the 
resting nuclei the chromatin is distributed in masses, the 
number of which is probably the same as that of the chromo¬ 
somes in the preceding division. When the transition to the 
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leptotene stage of the spermatocyte approaches, each of these 
masses becomes resolved into a fine spiral filament; at first 
the spirals are distinct, but as they elongate they become 
intertwined and soon give rise to a reticular appearance of 
the whole nucleus. The threads of this apparent reticulum 
then undergo a synaptic contraction, from which emerge 
the pachytene threads that contract to form the spermato¬ 
cyte chromosomes (Text-fig. 25). 

Although, therefore, the number of cases is not very large 
in which the chromosomes have been traced through the 
reticular or resting condition of the nucleus from one mi¬ 
tosis to the next, this has been done quite definitely in 
several animals and plants, and the results obtained give 
strong indications that the difficulty of doing so in other 
forms may not be due to the complete disappearance of 
the chromosomes, but rather to their complicated inter¬ 
lacing in the so-called reticular stage of the nucleus, for 
which Bolles Lee, on the basis of his observations on Paris, 
proposes the name spirophase. And if the results obtained 
in these cases are of general application, they suggest very 
clearly that the individuality of the chromosomes does per¬ 
sist in the resting nucleus. It is probable, however, that the 
elongated filaments of the resting (“spirophase”) stage are 
not precisely equivalent to the chromosomes of the mitotic 
figure, for as has been described in an earlier chapter, not 
only does the absolute amount of chromatin in the nucleus, 
as judged by its staining capacity, undergo considerable 
fluctuations at different stages, but there is also strong 
evidence that, in some cases at least, substance is withdrawn 
from the nucleolus and converted into the chromatin of the 
mitotic chromosomes. Several instances have also been 
referred to of the emission of chromatin from the nucleus 
into the cytoplasm. It would seem, therefore, that what 
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persists from one mitosis to the next is not the precise 
masses of chromatin which constitute mitotic chromosomes, 
or at least make up the greater part of their substance, but 
rather a framework or basis in which a greater or less amount 
of chromatin is concentrated at different times. Here again 
the analogy—though it is only an analogy—of independent 
symbiotic organisms may be helpful. If such organisms, for 
example Zooxanthellae, contained chlorophyll, the amount 
of it might vary from time to time, giving rise to corre¬ 
sponding variation in their visibility, but the organisms 
would nevertheless persist as individuals even though at 
times they were only distinguishable with difficulty in con¬ 
sequence of their temporary poverty in chlorophyll. The 
chromosomes, in fact, must not be imagined as simple 
masses of chromatin, but as organised bodies which contain 
a greater or less amount of chromatin at different times, 
and it is the bodies themselves that must be regarded as 
persistent individuals, and not merely the chromatin which 
by its staining capacity makes them especially visible 
during mitosis. 

(3) The recognisable and definite differences in size and 
shape of the chromosomes. 

Under the heading of the definite number of chromo¬ 
somes no explicit reference was made to the constant diffe¬ 
rences of size and shape which characterise the chromosomes 
of many animals, although this was implicitly assumed in 
referring to Wilson’s observations in Metapodius. In quite 
a large number of animals, especially in the Orthoptera, 
Hemiptera and Diptera among insects, and in Echinoderms, 
some or all of the chromosomes are constantly recognisable 
by their size, by their shape in the anaphase of mitosis, and 
frequently also by the shape of the bivalents in the first 
maturation (heterotype) division of the germ-cells. In 
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species with relatively few chromosomes, such as grass¬ 
hoppers and a number of Diptera, each chromosome is 
easily recognisable in the equatorial plate of any division, 
andMEEK has shown that in the spermatogonial and sperma¬ 
tocyte divisions each chromosome has constant dimensions. 
In division-figures of nuclei which have the diploid number 
there are of course two of each kind (excluding the sex- 
chromosomes, which may be unpaired), and in the Diptera 
the two homologous chromosomes commonly lie side by side 
on the spindle in all somatic mitoses. When the maturation 
period of the germ-cells approaches, these pairs of homo¬ 
logous chromosomes unite to form bivalents (gemini), and 
separate to opposite poles in the reducing division, with the 
result that each germ-cell contains a single complement in¬ 
cluding one of each kind. The individuality of the sex- 
chromosomes (heterotropic or idio-chromosomes) is of course 
a still more striking example of the same thing—the con¬ 
stant appearance of a definite chromosome of characteristic 
behaviour in every cell of the individual. As their behaviour 
has been described in Chapter XI, no further reference to 
them is needed here. 

The argument for chromosome individuality from the 
definiteness and permanence of appearance and behaviour 
of particular chromosomes in ordinary individuals of many 
species is strongly reinforced by the examination of hybrids. 
It has been observed in a number of cases that when a 
hybrid is made between two species in which the chromo¬ 
somes are recognisably different in size, both kinds of 
chromosomes retain their characters in the hybrid. The 
example already referred to in Chapter VI will suffice to 
make this clear. The moth Biston hirtarius has in its diploid 
cells 28 chromosomes, of which 24 are moderately large and 
four quite small. The nearly related moth Nyssia zonaria 
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has 56 chromosomes in the mitoses of the maturation divi¬ 
sions, and, as nearly as can be counted, 112 in its diploid 
nuclei; all are very small, but four (two in reduced nuclei) 
somewhat larger than the rest. The mature germ-cells of 
birtarius have thus 14 (twelve large and two small); those 
of zonaria have 56 (two of moderate size and 54 small). 
The hybrid has in its spermatogonia, as nearly as it is pos¬ 
sible to count, 70 chromosomes, of which 14 are noticeably 
larger than the remainder. This by itself would indicate 
that the chromosomes of the two species retain their indivi¬ 
duality in the hybrid, but the phenomena seen in the sper¬ 
matocyte divisions confirm this conclusion in a very striking 
way. As already described (p. 87), since there is only a 
single set from each parent species, and the chromosomes of 
one species are not homologous with those of the other, 
very few of the chromosomes are able to find mates in the 
prophase of the maturation divisions, and in consequence 
the spermatocyte equatorial plates have only a few chromo¬ 
somes less than those of the spermatogonia, instead of half 
the number. If the number and size of the chromosomes 
depended simply on an inherent tendency of the species, 
causing the chromatin to be aggregated into a constant 
number of masses at mitosis, these facts are inexplicable, 
but on the individuality hypothesis they are precisely what 
would be expected. 

(4) The different physiological values of distinct chro¬ 
mosomes. 

An argument based 6n the physiological function of the 
chromosomes is necessarily speculative, since at present 
their significance in this respect can only be inferred, or, 
as some would say, guessed at. It seems clear, however, that 
the idio-chromosomes have a definite function in connection 
with sex-determination, and in the nest chapter the possi- 
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bilily of the chromosomes being connected with the trans¬ 
mission of hereditary characters will be considered. On the 
supposition that the chromosomes play an important part 
in the life of the cell, and therefore of the development of an 
embryo, Boveri has based an ingenious argument in favour 
of the belief that different chromosomes have different 
functions in this respect. When in Echinoderms two sper¬ 
matozoa enter an egg, as may happen if the egg is treated 



Fig. 26. Diagram of the distribution of chromosomes on a quadripolar 
spindle, from Boveri (1903 a ) 


with an anaesthetic before fertilisation, a quadripolar 
spindle may result in the first segmentation division. Each 
spermatozoon gives rise to two centrosomes, and these four 
centrosomes become connected by four spindles, with the 
result that the egg divides simultaneously into four blasto- 
meres. Since there are, at the beginning, three nuclei (egg 
nucleus and two sperm nuclei) each’with the reduced num¬ 
ber (n) of chromosomes, there are in all 3 n chromosomes 
distributed in the equatorial plates of four spindles. And 
since each chromosome divides and its halves pass to the 
poles of its spindle, there will be altogether 6 n chromosomes 
distributed among the four daughter nuclei, or an average 
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of — = , in each nucleus. In a normally fertilised egg 

there are of course 2 n in each nucleus of the segmenting egg, 
but the phenomena of artificial parthenogenesis show that 
half this number (n) is sufficient to allow of normal develop¬ 
ment. If, therefore, the chromosomes were functionally all 
alike, every cell that receives as many as n chromosomes 
should be capable of normal development. If, however, the 
chromosomes differ from one another in function, it is 
unlikely that a complete set will be included in each of the 
four nuclei resulting from the quadripolar spindle of a di- 
spermic egg, if the three sets of chromosomes are distributed 
on the four spindles at random. In the accompanying dia¬ 
gram, reproduced from Boveri, the number n is represented 
for convenience as four (in Echinoids it is really about eigh¬ 
teen), and the chromosomes from the three germ-nuclei are 
represented bya 1 ,b 1 ,c 1 ,d 1 ,a 2 ,b 2 ,c 2 ,d 2 ,a 3 ,b a ,c s ,d 3 . If,now, 
the chromosomes are distributed on the spindles in some such 
way as in the diagram, only one of the four daughter nuclei 
(the left lower) will receive all four kinds of chromosomes 
(a, b,c,d ); the left upper has no b, the right upper no d, and 
the right lower neither a nor c. This imaginary example is 
probably an extreme one, but when the full (reduced) com¬ 
plement is eighteen, it is quite likely that one or more 
of the nuclei will lack some members of the complete series, 
although each nucleus contains not less than n chromosomes 
in all. If, then, simply n chromosomes were required for 
normal development, each of the four cells should he able 
to continue its development in the typical way, but if the 
chromosomes differ from one another in function, it might 
be expected that the parts of the larva derived from one or 
more of the first four blastomeres should sooner or later 
show abnormalities. And this is what is actually found, as 
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Boveri points out. Some larvae from dispermic eggs are 
completely normal; others develop normally up to the gas- 
trula stage, or even later, but lack the skeleton in one half 
or one quarter of the larva in the pluteus stage; while others 
begin to show abnormalities in the blastula and fail to be¬ 
come gastrulae. Furthermore, if the blastomeres of a normal 
four-cell embryo are shaken apart, each produces a complete 
small larva, but the separated blastomeres of a dispermic 
egg are rarely able to do this, although some proceed very 
much further in development than others. Now the only 
difference between the four cells of a dispermic egg is in the 
chromosomes; if abnormalities are induced in the cytoplasm 
they must be common to all four cells. Since, therefore, 
these cells differ widely from one another in their powers 
of development, it must be because some have received 
chromosomes that are absent from others. 

This kind of argument cannot be regarded as a conclusive 
proof of the functional individuality of chromosomes; it 
rather assumes that individuality, and shows that the results 
observed are easily explicable on that assumption, but are 
hard to account for otherwise. A weak point in the argu¬ 
ment is that in polyspermic eggs of the frog, as described 
by Brachet (1917), the early development maybe normal, 
and yet the larvae die after hatching, although the conditions 
are such as to exclude Boveri’s interpretation. In poly¬ 
spermic frog’s eggs one spermatozoon conjugates with the 
egg-nucleus, while the others form independent nuclei in 
connection with each of which a spindle develops, and the 
egg divides into as many blastomeres as there were sperma¬ 
tozoa. In the resulting embryo, therefore, some nuclei con¬ 
tain the diploid, others the haploid number of chromosomes, 
but every cell contains at least the whole haploid series, 
and yet, when the embryo becomes a larva, it is not able to 
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survive. Brachet ascribes this non-viability to incompati¬ 
bility between the tissues arising from such different cells, 
and if this is so in the frog, some similar condition may 
perhaps also exist in those parts of the dispermic Echinoid 
larva which fail to develop normally. 

In conclusion, although all the four groups of arguments 
given above in favour of the individuality theory refer to 
the chromosomes as complete entities, it is important to 
remember that they are in all probability divisible into 
smaller units, and that these units, supposed to be arranged 
in a definite order along the length of a chromosome, prob¬ 
ably have an individuality more fundamental than the 
chromosome as a whole. That this is so is strongly suggested 
by such cases as that of Ascaris , and is a necessary assump¬ 
tion for the hypotheses regarding the function of the chro¬ 
mosomes in heredity that will be considered in the next 
chapter. Not infrequently, especially in the spireme stage 
of the nucleus, the chromosomes can be seen to be made up 
of a series of granules, like beads on a string, and with the 
support of instances like the compound chromosomes of the 
germ-track of Ascaris, it seems a not unreasonable extension 
of the individuality theory to regard these granules (“micro- 
sornes”) as the fundamental units, and to modify the theory 
in the way suggested in the introductory portion of this 
chapter. 



CHAPTER XIV 


The Mechanism of Hereditary Transmission 

E specially since Weismann brought forward the first 
outline of his theory of heredity in 1885, one of the 
chief motives and objects of cytological investigation has 
been the discovery of the means by which inherited charac¬ 
ters are transmitted from parent to offspring. We know that 
in general the father and mother.contribute equally to the 
hereditary features of their children, and yet in Man the 
whole of this almost infinitely complex web of family like¬ 
ness is transmitted, on the father’s side, by a spermatozoon 
about one five-hundredth of an inch in length 1 . If the facts 
of heredity were not so familiar, they would be regarded as 
the most wonderful thing in nature, and it is not surprising 
that one of the chief aims of cytologists has been to find some 
explanation of their mechanism. 

Weismann’s famous theory of the germ plasm was largely 
instrumental in leading to more thorough investigations of the 
behaviour of the chromosomes, for according to his scheme 
these bodies bore the “ids” or determinants which were the 
basis of hereditary transmission. It is not intended here to 
discuss these older hypotheses; much of Weismann’s com¬ 
plicated theory is already disproved and almost forgotten, 
but it is impossible to consider more recent ideas on the 
subject without referring to the fact that he not only pro¬ 
vided the stimulus which has led to such brilliant results 
in the last few years, but also first gave sound reasons for 

1 A human spermatozoon » approximately '05 mm., or about ^ inch, in 
length, and of this length fully nine*tenths is tail. 
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the belief, which is daily gaining ground, that the chromo¬ 
somes have a preponderant share in the transmission of 
hereditary characters. 

The arguments for ascribing this leading part to the 
chromosomes in hereditary transmission, like those for the 
individuality of the chromosomes themselves, are of several 
distinct kinds, some direct and some purely inferential. 
They may be classed at the outset into two groups, firstly, 
those which indicate t.hat the nucleus rather than the cyto¬ 
plasm is the more important factor, and secondly those 
which point to the chromosomes rather than any other 
nuclear constituent as being the “bearers of hereditary 
characters.” The main lines of argument will be dealt with 
in this order. 

One obvious reason for supposing that the nucleus plays 
the chief part in the transmission of inherited characters 
is that the spermatozoon consists almost entirely of nucleus, 
middle-piece, and tail, and of these the tail in some forms 
is thrown off as the spermatozoon enters the egg, and the 
middle-piece seems to give rise to little beside the centro- 
somes. Further, the egg and spermatozoon are equivalent 
as regards the transmission of most characters, and the 
nuclei are the only parts of them which are alike; if the cyto¬ 
plasm took any preponderant share, it is hardly possible to 
believe that the maternal characters would not be more 
strongly developed in the offspring than the paternal. There 
are also several kinds of experimental evidence pointing to 
the same conclusion. It is known that non-nucleated frag¬ 
ments of Sea-urchin eggs can be fertilised bya spermatozoon 
and give rise to larvae which show the normal characters 
of the species. Boveri (1895, 1903 b) attempted to use this 
fact to test the hypothesis that the nucleus bears the deter¬ 
miners for hereditary characters by fertilising non-nucleated 
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fragments of the eggs of one species (Sphaerecbinus granu¬ 
lans) by the sperm of another ( Echinus microtubercidatus). 
He shook up the eggs in water in a tubetiU they were broken 
up, and picked out under the microscope non-nucleated 
fragments to which Echinus sperm was added. Some of 
these fragments segmented and developed into larvae which 
in their skeletal characters at least were of the pure Echinus 
type. If there are no sources of error, this experiment proves 
that some characters at least are determined purely by the 
nucleus. Objection, however, has been taken to it on various 
grounds—chiefly that the ordinary hybrids of these species, 
made from nucleated eggs, may at times have the Echinus 
type of skeleton. Boveri, however, in his control experi¬ 
ments never got hybrid larvae showing no Sphaerechinus 
characters, and the experiment may probably be taken as 
proving that the skeletal characters of Echinoid larvae are 
determined by factors contained in the nucleus. 

Additional evidence is provided by the experiments of 
Herbst. He treated the eggs of Sphaerechinus with a fatty 
acid that induces artificial parthenogenesis, and then, before 
segmentation began, fertilised them with sperm of Strongy- 
locentrotus lividus. By this procedure the nucleus in some 
eggs was caused to divide before the sperm nucleus was 
ready to conjugate with it, and the sperm nucleus was car¬ 
ried into one of the first two blastomeres, and there conju¬ 
gated with its nucleus. As a result, one of the first two 
blastomeres contained a nucleus of purely maternal origin, 
and containing the reduced number of chromosomes, while 
the other was hybrid, and contained both paternal and 
maternal chromosomes. Among the plutei reared from eggs 
treated in this way, some were found in which one half 
of the body had purely maternal skeletal characters, while 
the other half had the characters commonly found in 
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hybrids, and it was further observed that the nudei on the 
purely maternal side were much smaller than those on the 
side with the hybrid'skeleton. Boveri has shown that in 
Echinoids the size of the nucleus is generally proportional 
to the number of chromosomes, and it may therefore be 
assumed that the half of the pluteus with maternal skeletal 
characters and small nuclei is derived from a blastomere 



Fig. 27. A “partially thelykaryotic *’ pluteus from the cross 
Sphaerechinus $ x Strongylocentrotus . The left side of the 
pluteus has the skeleton of the paternal ( Strongylocentrotus) 
type 5 on the right the skeleton is intermediate but more 
nearly resembling Sphaerechinus . auj represents small nuclei 
from the ciliated band of the left (paternal) side; corre¬ 
sponding larger nuclei of the right side. (From Herbst, 1 907.) 


with a purely maternal nudeus and the reduced number of 
chromosomes, and the hybrid half from the other blastomere 
in which the nucleus conjugated with the sperm nucleus. 
The only objection to this conclusion is that larvae with 
asymmetrical skdetons are common in the hybrids of these 
species, but if Herbst’s “partially thdykaryotic” larvae 
were simply examples of this asymmetry, the difference in 
txc. 14 
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size of the nuclei on the two sides is quite inexplicable. 
Hybrids also practically never show the maternal (Spbaer- 
echinus) characters developed to the extent to which Herbst 
found them in the maternal halves of his larvae. 

Experiments such as those described, which by no means 
exhaust all the evidence available, give strong indications 
that the factors for hereditary characters are borne by the 
nucleus rather than by the cytoplasm. This conclusion is 
strengthened by observations on the chromosomes in par¬ 
ticular, as distinct from the nucleus as a whole. 

An observation of the same general type as those just 
described is that of BALTZERonthe behaviour of the chromo¬ 
somes in reciprocal crosses between the Sea-urchins Sphaer- 
echinus and Strongylocentrotus. He found that eggs of Sphaer- 
chinus fertilised by Strongylocentrotus sperm develop regu¬ 
larly, with no abnormality in the behaviour of the chromo¬ 
somes, and the plutei from this cross are intermediate 
between those of the paternal species in their skeletal 
characters. In the development of embryos from the con¬ 
verse cross, however ( Strongylocentrotus eggs by Sphaerechi- 
nus sperm), a remarkable irregularity takes place in the first 
and second segmentation divisions of the cross-fertilised egg. 
In these divisions altogether fifteen or sixteen chromosomes 
are omitted from the division spindles. They split in the 
equatorial plate of the first division, but fail to divide com¬ 
pletely, and some are left behind on the spindle in the 
anaphase stage, while others are carried with the normal 
chromosomes to one or other daughter nucleus. In the 
second division those which have been included in the 
nuclei reappear as split rods, and are left out when the four 
daughter nuclei are formed. The haploid numbers of the 
parent species are twenty for Sphaerechinus and eighteen for 
Strongylocentrotus, and after the elimination of the abnormal 
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chromosomes twenty-one or twenty-two chromosomes are 
found in the subsequent mitoses. Baltzer believes that the 
eliminated chromosomes are all paternal (from Sphaerechi- 
nus), chiefly on the grounds (1) that Sphaerechinus has two 
long straight chromosomes and Strongylocentrotus a long 
hooked one, and that in the hybrid embryos the straight 
chromosomes are never present while the hooked one always 
is; and (2) in a quadripolar spindle derived from a di- 
spermic egg there are only a few (about four) more chromo¬ 
somes behaving normally than in an ordinary mitosis, while 
if the paternal chromosomes behaved normally there would 
be twenty extra. Nearly all the embryos become abnormal 
in the gastrula stage, and die off, but in the very rare cases 
in which plutei have been reared these were of the maternal 
type. If the eliminated chromosomes are paternal, their 
absence would thus account for the lack of paternal char¬ 
acters in the hybrid, while in the converse cross no chromo¬ 
somes are eliminated and the hybrid pluteus shows the 
characters of both parents. Similar elimination of chromo¬ 
somes has been observed by Miss Pinney in Teleostean 
hybrids. 

Further evidence in favour of the hypothesis that the 
chromosomes are of especial importance in determining 
inherited characters has been obtained from plants. In 
Oenothera (Evening Primrose) at least two species have a 
variety known as lata , in which the leaves are broader than 
in the type form, and these lata varieties have one more 
chromosome than the normal, the typical number being 
fourteen while lata has fifteen. Since one chromosome is 
unpaired, various irregularities arise in the maturation 
divisions of the germ-cells; the unpaired chromosome may 
go over undivided to one pole in the heterotype division, 
and divide equationally in the homotype, so giving' equal 

14—a 
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numbers of gametes which have it and are without it; or it 
may be omitted from the daughter nuclei altogether, or in 
some cases it may divide in the first and pass to one pole 
without division in the second. In consequence of this 
variable behaviour less than half the germ-cells possess the 
odd chromosome, the number varying in different plants, 
and correspondingly it is found that lata parents crossed 
with the type form give a variable percentage of lata off¬ 
spring, ranging from 4 to 45 per cent. Gates, to whom our 
knowledge of the facts is chiefly due, has occasionally seen 
abnormalities in the maturation of the pollen cells in the 
type form of Oenothera by which both members of a pair of 
chromosomes go to one pole in the heterotype division, and 
he supposes that the fifteen-chromosome (lata) races arise 
in this way. It is not known whether the extra chromosome 
is always homologous in different lata races, or whether the 
duplication of any chromosome produces a lata form; since 
there is another variety ( semilata ) that also has fifteen 
chromosomes, it is possible that the duplication of one 
chromosome produces lata and of a different one semilata. 

Another variety of Oenothera that is correlated with a 
difference in the chromosome number is the form gigas, 
which has twice the normal number, that is to say, it is 
“tetraploid” instead of diploid, and has 28 chromosomes 
in its somatic cells. In this form also there are irregularities 
in the maturation divisions, leading to frequent sterility. 
Another somewhat similar case of a tetraploid variety in 
Primula will be described after the possible relation between 
chromosomes and Mendelian characters has been con¬ 
sidered. 

In the examples given above there is more or less direct 
evidence, even though it is not always as satisfactory as 
might be wished, of a connection between one or more 
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chromosomes and the appearance of definite somatic char¬ 
acters. This evidence is greatly strengthened by arguments 
of a piore indirect kind, based on the extraordinary simi¬ 
larity between the known behaviour of the chromosomes in 
the maturation divisions of the germ-cells and the manner 
of transmission of Mendelian characters. In the chapters 
on spermatogenesis and oogenesis, it has been seen that the 
behaviour of the chromosomes can be summarised as follows. 
Since the chromosomes of the diploid nucleus before matura¬ 
tion are in pairs, the members of each pair being descended 
from the corresponding chromosomes introduced into the 
fertilised egg from the two parents, they may be represented 
as A, B , C, D... derived from one parent and a , b, c, d... 
derived from the other. In the maturation divisions A pairs 
with a, B with b, and so on, and the members of each pair 
pass into different germ-cells. There is no reason, however, 
for supposing that chromosomes of different pairs, but de¬ 
rived from the same parent, have any tendency to go to¬ 
gether; that is to say, A may equally often be associated 
with B or with b, and with C or with c. The mature germ- 
cells may therefore contain A, B, C, £>..., A, b, C, Z>..., 
A, b, c, d..., a, B, c,D... or any other combinations, so long 
as no two members of one pair are included in one cell. 
Now in the segregation of independent Mendelian characters 
precisely this kind of distribution is found; the characters 
occur in pairs, which are said to be allelomorphic with each 
other, and the two members of an allelomorphic pair are 
never transmitted by the same germ-cell. If two varieties 
are crossed, differing in three pairs of characters which may 
be called M, N, 0 and m, n, 0 , the heterozygote will con¬ 
tain the “factors” for all six, but its germ-cells will bear, 
on the average in equal numbers, those for all combinations 
in which neither Mm, Nn, Oo are included. Or, expressed 
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differently, the germ-cells will bear the factors MNO , MNo, 
Mno, tnNO and so on. It is evident, as Sutton pointed out 
in 1903, that the correspondence between the distribution 
in the germ-cells of the factors for Mendelian characters 
and that of the paternal and maternal chromosomes is so 
exact as to make it hardly possible to doubt the existence 
of a causal connection between them. 

In matings in which both parents belong to the same form 
the homologous chromosomes A and a etc. would of course 
be alike, and would bear identical Mendelian factors. When, 
however, a mutation takes place, it must be supposed to 
arise by a change in, or loss of, a factor in some part of one 
chromosome. This may be represented by saying that factor 
M is changed to in. If, then, chromosome a now bears factor 
m instead of M, there will be Mendelian segregation between 
the factor M borne by chromosome A and factor m borne 
by a. This may perhaps be made clearer by a specific in¬ 
stance that will be discussed more fully later in this chapter. 
In the fly Drosophila there are reasons for believing that the 
factor for the red eye, which is characteristic of the normal 
fly, is borne by the X (sex) chromosome. A mutant form 
of the species has white eyes, and the red and white factors 
are allelomorphic. It is therefore supposed that the factor 
for white eye is due to a change in, or loss of, that unit in 
the X chromosome which in the normal fly determines the 
red-eye character. In the heterozygous (hybrid) fly pro¬ 
duced by mating red with white eyed, one X chromosome 
bears the factor for red, the other for white eyes, and 
since these chromosomes separate from each other at the 
maturation of the egg, the red and white factors must 
segregate in the Mendelian manner. 

There are, however, several difficulties in the way of ac¬ 
cepting the hypothesis that the segregation of the chromo- 
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somes in gametogenesis is the mechanism by which the 
segregation of Mendelian characters is brought about. These 
difficulties will be discussed below, and it will be seen that 
most of them are not insuperable, but first it may be advis¬ 
able to mention two pieces of direct evidence in favour of 
the hypothesis. 

FEDERLEvhas shown that when the moth Pygaera curtula 
is crossed with P. anachoreta, the chromosomes behave in 
the gametogenesis of the hybrid much in the same way as 
in the cross, already referred to, between Biston hirtarius and 
Nyssia zonaria. The reduced number in curtula is 29, in 
anachoreta 30; the spermatogonia of the hybrid have 59, 
but in the spermatocytes very few chromosomes pair; they 
divide equationally in both divisions, with the result that 
the mature germ-cells contain about 59. If, now, the hybrid 
is mated back with pure anachoreta, a secondary hybrid with 
nearly 89 chromosomes in its spermatogonia is produced. 
In the spermatocytes of the secondary hybrid the two sets 
of anachoreta chromosomes pair together, so that on the 
spindle of the first spermatocytes there are about 30 large 
(bivalent) chromosomes derived from anachoreta and about 
29 univalents derived from curtula. The mature germ-cells 
of the secondary hybrid therefore again contain nearly 59 
chromosomes. Corresponding with these cytological facts 
Federley found that in the primary hybrid some char¬ 
acters of anachoreta and others of curtula were dominant, 
while in other features the hybrid was intermediate between 
the parents. When the hybrid was mated back with poire 
anachoreta , no segregation of the moth characters took 
place; all the secondary hybrids had the same characters 
as the primary. In one larval feature, however, segregation 
took place. Now since all the germ-cells of the secondary 
hybrid contain both curtula and anachoreta chromosomes, 
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as in the primary hybrid, if the chromosomes bear the 
“ factors ” for Mendelian characters, it is to be expected that 
no segregation will occur. But Federley observed that 
in the spermatocytes of the hybrids, at least in some cases, 
one or two chromosomes paired and separated, and he 
suggests that the segregation of the larval character is due 
to its being borne by one of these chromosomes. 

The second example of direct evidence in favour of the 
hypothesis is that of the late R. P. Gregory on a tetraploid 
race of Primula sinensis. In this race there is twice the 
normal number of chromosomes; that is to say, there are 
four instead of two of each kind. The race is fertile when 
two tetraploid plants are crossed together; each germ-cell 
contains the diploid number of chromosomes, and the zygote 
again is tetraploid. If, now, the chromosomes determine 
the segregation of Mendelian characters, such a tetraploid 
race should show a new type of segregation, for in the zygote 
there would be four chromosomes of each kind, and in the 
germ-cell two. Suppose a plant to receive the character A 
from one parent, and its allelomorph a from the other, then, 
since each chromosome is duplicated, the heterozygote 
would be AAaa , and instead of producing two kinds of germ- 
cells, A- and ^-bearing, it would produce three, A A, Aa , and 
aa, in the ratio of I : 2 :1. Such a plant self-fertilised would 
give fifteen offspring showing the dominant A character to 
one showing the recessive a. This is exactly what Gregory 
found; instead of getting a 3 :1 ratio when the heterozygote 
is self-fertilised, he got ratios approaching 15 :1, and simi¬ 
larly, when the heterozygote was crossed back with the 
pure recessive, instead of a 1 ; i ratio he got 3 :1. At first 
sight this appears a convincing demonstration that the 
Mendelian characters of Primula sinensis are borne by the 
chromosomes, or at least that their segregation is determined 



xiv] OBJECTIONS 217 

by them, but Gregory points out that this conclusion does 
not necessarily follow, very probable though it may be. 
He writes “Although the fact that the duplication of the 
chromosomes has been accompanied by a duplication of the 
series of factors may seem at first sight to suggest a definite 
connection between chromosomes and factors, yet, on the 
other hand, the tetraploid number of chromosomes may 
be nothing more than an index of the quadruple nature of 
the cell as a whole. The case is, in fact, exactly analogous 
to the ordinary zygotic cell, which has 2x chromosomes and 
in which each factor is represented twice.” 

Additional evidence, some of it of very great importance, 
will be given below in support of the hypothesis that the 
behaviour of the chromosomes in the maturation of the 
germ-cells is responsible for the segregation of Mendelian 
characters, but first it will be advisable to consider some of 
the difficulties by which the hypothesis is faced. These may 
be grouped in two classes, first those raised by cytologists, 
and second those arising from the facts of genetics. 

The cytological objections that have been raised against 
the hypothesis are of several kinds. Some observers deny 
the existence of any such individuality in the chromosomes 
as is required by the hypothesis. If the individuality theory 
is false, the hypothesis that the chromosomes determine the 
segregation of Mendelian characters necessarily falls with it, 
but the facts and arguments in favour of the existence of 
some sort of individuality have been considered in the pre¬ 
ceding chapter, and no further discussion of them is required 
here. A second objection that has been raised is that 
although the main facts already described are admitted, it 
is maintained that when the chromosomes come together 
in pairs before the maturation divisions, they do not merely 
come into contact and then separate as complete units in 
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the heterotype division, but fuse so intimately that the 
chromosomes after separation cannot be regarded as iden¬ 
tical with those which paired in the synaptic stages 1 . Other 
observers, again, maintain that after the chromosomes have 
come together in pairs they never separate again, and that 
in both the maturation divisions they split longitudinally, 
with the result that each chromosome of the mature germ- 
cells contains parts of the two chromosomes which paired 
in synapsis 2 . Both these latter arguments would be fatal 
to the hypothesis under consideration if they were sub¬ 
stantiated, for each maintains that the chromosomes of the 
mature germ-cells contain a mixture of paternal and mater¬ 
nal elements, and the essence of Mendelian segregation is 
that the characters borne by the germ-cells are pure and not 
mixed. The evidence, however, on which these observers 
rely is negative; in their material they cannot see the separa¬ 
tion of complete chromosomes and so they deny its existence. 
But if it is visible in material derived from other species 
which are possibly better adapted for the study of these 
stages, it seems more probable that the failure of some 
observers to find it is due rather to the unsuitable material 
on which they have worked than to the real absence of a true 
“reduction division 8 .” 

The chief arguments that have been brought against the 
hypothesis from the standpoint of genetics are, first, the 
existence of segregation of characters elsewhere than in the 
germ-cells, and, second, the fact that there are many more 
Mendelian characters than chromosomes in at least several 
species. The evidence for segregation of inherited characters 

1 e.g. Bonne vie, 1908. 1 e.g. Matscheck. 

8 Since in some cases the chromosomes appear to fuse more or less com¬ 
pletely in synapsis, it has been suggested by several writers that when this 
happens, “blended M inheritance results, while when they pair and separate 
without fusion the factors borne by them segregate according to Msn&u#** Law* 
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at stages other than the maturation of the germ-cells is 
provided chiefly by plants. “Bud-variation” is a not un¬ 
common phenomenon in many plants, and the character 
which distinguishes the varying shoot from the rest of the 
plant may be one that is known to follow Mendel’s law when 
the two forms are crossed together. In such a case it is clear 
that segregation has taken place between the main plant 
and the varying bud. This, however, does not invalidate the 
chromosome hypothesis, for the variation of the bud may 
have been due to an irregular division in the cell from which 
the bud was derived, by which, perhaps, one chromosome, 
or part of a chromosome, was omitted from the daughter¬ 
cell that gave rise to the bud. Less easy to explain are 
those cases in which one part of a plant constantly bears 
Mendelian characters that are lacking in another. In those 
forms of the Stock ( Matthiola ), for example, which are 
heterozygous for the factor for doubleness, Miss Saunders 
has shown that all the pollen grains bear the recessive 
double character, while of the ovules some bear the double 
and some the single factor. In this form, therefore, the 
dominant factor for singleness is eliminated at some stage 
of the development of the pollen before the maturation 
divisions take place. Another remarkable case is that de¬ 
scribed by Bateson and Miss Pellew in peas. Certain 
peas throw a small proportion of abnormal offspring known 
as “ rogues,” and when these rogues are crossed with the type 
the young plants have the type form, but as they grow up 
they become rogues and produce only rogue offspring. As 
the heterozygous plant grows, the type characters (to quote 
Bateson and Pellew) “are in some way used up and cut 
out of the germ-lineage in the early stages of the somatic 
development.” If the chromosome hypothesis be true, a 
chromosome, or part of one, must apparently be omitted from 
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the nuclei at some stage, or the chromosome must undergo a 
qualitative change during the development of the plant, 
and it should be noticed that in the “rogue” pea the change 
of type during the growth of the plant is a constant pheno¬ 
menon in some varieties, and not the apparently irregular 
and accidental event to which bud variation is commonly 
ascribed. Until cases such as these have received an ade¬ 
quate explanation, the hypothesis that the segregation of 
Mendelian characters takes place by the separation of 
chromosomes at the maturation divisions of the germ-cells 
cannot be regarded as fully established. 

A further difficulty of somewhat the same sort arises, 
especially in plants, from the divergence from expectation 
of the numbers of germ-cells bearing the alternative charac¬ 
ters of a pair. If in the production of germ-cells by a hetero¬ 
zygote the segregation of alternative characters takes place 
at the maturation divisions, there should always be equal 
numbers bearing each of the two characters. When the 
numbers from several or many families are added together, 
this is generally true, except when disturbing causes, such 
as differential mortality, intervene, but especially in plants 
it is often not true of individual families. Quite often in some 
families there is a constant excess of one character and 
deficiency of the other, as compared with expectation, and 
this has led some investigators to believe that the segrega¬ 
tion occurs at an earlier stage, and that in some individuals 
an excess of cells bearing one character, in others of cells 
bearing the other, is produced by unequal multiplication of 
the two kinds of cells in the germinal tissue. Such multipli¬ 
cation could only occur before the maturation divisions, for 
in the higher plants no multiplication of germ-cells occurs 
after it. Irregularities of this sort, while not unknown in 
animals, are less frequent in them, than in plants. 
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The second chief objection brought on genetic grounds 
against the chromosome hypothesis is that there may be 
more Mendelian characters in a species than there are 
chromosomes, and that, nevertheless, these characters ap¬ 
pear to segregate independently of one another 1 . The 
answer to this objection leads up to a most interesting 
extension of the hypothesis, due to Prof. Morgan of New 
York, and provides an important argument in favour of the 
hypothesis as a whole. 

If there are more Mendelian characters than chromosomes, 
and if the chromosomes in some way bear the determiners 
or “factors” for these characters, one of two things must 
follow. Either the chromosomes must be made up of smaller 
units which are to some extent interchangeable, or, if the 
chromosomes behave as indivisible units, all the factors for 
characters that are borne by one chromosome must be 
associated with one another in inheritance. In the earlier 
cases to be discovered, in which the pairs of Mendelian 
characters were more numerous than the haploid number 
of chromosomes, no such association of the characters was 
known, and several suggestions were made with regard to 
the manner in which the factors were borne by the chromo¬ 
somes. One was that the true units were the microsomes, 
or small particles of which the leptotene threads are com¬ 
posed, and that when the chromosomes unite in pairs these 
units might be interchanged. Another, based on Fick’s 
“Manoeuvre-hypothesis,” was that in the resting stage of 
the nucleus the constituent elements of the chromosomes 
became separated, but came together in the same formation 

1 It is pointed out by Winge (1919)9 however, that no case is known in 
which the number of simultaneously and independently segregating pairs of 
characters existing together in one individual exceeds the haploid chromosome 
number of the species. 
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for each mitosis. Since, however, there are two chromo¬ 
somes of each sort in the diploid nucleus, it was supposed 
that the small units of which they were composed were 
interchangeable, and that therefore the chromosomes of one 
mitosis were not necessarily identical with those of the pre¬ 
ceding, but that the chromosomes of each homologous pair 
were made up from a double set of microsomes. The micro- 
somes would be in two series, a, b, c,d... and a', b\ c, d!..., 
arranged in this order, but when the mitotic chromosomes 
are formed from the resting nucleus a is interchangeable with 
a’, b with b’, and so on. It has been seen in the preceding 
chapter that there is evidence for the compound nature of 
chromosomes, at least in some species, but the evidence 
for their general individuality as complete wholes does not 
favour this hypothesis of the interchange of parts in the 
resting nucleus. 

The matter has entered on a new phase since the discovery 
and thorough investigation of the phenomenon known in 
England as gametic coupling, and in America as linkage, first 
described by Bateson and Punnett in the Sweet Pea, but 
now known in many plants and animals, and most fully 
investigated by Morgan and his associates in the fly Droso¬ 
phila . The essence of gametic coupling is that if varieties 
are crossed which differ in two or more characters, the 
characters that are associated in the parents tend to be 
associated in the gametes of the heterozygous offspring. If, 
for example, an individual bearing the characters A and 3 
is mated with one bearing their allelomorphs a and b, the 
heterozygote Aa Bb, instead of producing in equal numbers • 
four kinds of gametes bearing AB, Ab, aB, ab, produces 
great access of AB and ab and relatively few Ab and aB. 
This “coupling” in transmission by the heterozygote of 
characters that were associated in the parents strongly 
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suggests that the factors for the coupled characters are borne 
by some body which behaves in gametogenesis as a unit, 
and the only bodies known to behave in the way required 
are the chromosomes. This conclusion is greatly strengthened 
by the facts as they are now known in Drosophila. In D. 
ampelophila the haploid number of chromosomes is four, 
and there are four pairs, easily distinguishable from one 
another, in the diploid cells. Of these four, two are long 
ordinary chromosomes (autosomes), one is a very short auto- 
some, and one a sex-chromosome. To the last further refer¬ 
ence will be made later; the facts which bear particularly 
on the present discussion are that in heredity it is found that 
there are four groups of coupled characters, which may be 
numbered I, II, III, IV. According to Morgan and his 
associates, when a female bearing any two or more of the 
characters in group I is mated with a male that lacks them, 
all these characters are found to be coupled in the germ-cells 
of the offspring, and the same is true of the characters in 
groups II, III, and IV, but there is no coupling between 
characters belonging to different groups. Furthermore, 
groups I, II and III each contain a considerable number 
of Mendelian characters, while group IV is small, and only 
two characters belonging to it have as yet been discovered. 
On the basis of these facts, Morgan supposes that the factors 
for characters in group I are borne by the sex-chromosome 
(the reasons for this will be given below), those of groups 
II and III by the two long autosomes, and of group IV by 
the small autosome. If no other group of coupled characters 
is discovered, the correspondence between the coupled groups 
and the chromosomes is so remarkable that it seems hardly 
' possible to doubt the existence of a connection between them. 

One very important group of facts, however, remains to be 
explained. Although when a parent bearing the coupled 
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characters A and B is mated with one bearing a and b, the 
majority of the gametes of the offspring also transmit A 
and B or a and b, yet absolute coupling is very rarely, if 
ever, found. Nearly always some gametes bearing A and b 
or a and B are also produced, the relative frequency of these 
exceptional combinations varying greatly in different pairs. 
The American investigators call these exceptional combina¬ 
tions cross-overs, since in the combinations Ab and aB, A and 
a are regarded as having crossed over from their normal com¬ 
binations and to have exchanged places. In respect of any 
pair of characters, the number of cross-overs is on the average 
fairly constant, ranging from less than I per cent, in some 
pairs of characters to as much as 40 per cent, in "others. 
If there were 50 per cent, of cross-overs there would of course 
be no coupling, and the characters would be transmitted 
independently of each other. The relative number of cross¬ 
overs is thus a measure of the intensity of the coupling, 
a high intensity being synonymous with a low ratio of cross¬ 
overs. It is further found that when there are in a coupled 
group several characters A, B,C,D..., they can be arranged 
in a series in such a way that the ratio of cross-overs between 
the extremes is approximately equal to the sum of the ratios 
between the characters placed next to each other; for 
example, if there is 1 per cent, of crossing over between A 
and B, 30 per cent, between B and C, and 3 per cent, between 
C and D, then there will be about 31 per cent, between A 
and C, 33 per cent, between B and D, and 34 per cent, 
between A and D. These numbers are only approximately 
realised in practice, but are sufficiently close to enable at least 
a rough forecast to be made of the intensity of coupling 
between two characters, if the intensity of their coupling 
with a third character is already known 1 . 

1 In a cate described by Sturtevant (Journ. Exp. Zwl. xiv. p. 48) on 
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The explanation of these facts offered by Prof. Morgan 
is of this kind. He assumes that when the chromosomes 
undergo side-to-side pairing in the zygotene stage, they do not 
simply lie parallel with each other, but become more or less 
twisted round each other like the strands in a rope, and that 
when the split takes place which separates the chromosomes 
in the first maturation (heterotype) division, the chromo¬ 
somes do not unwind themselves, but the split is straight, 
so that part of what was one chromosome remains attached 
to the other, while a corresponding part of the second 
becomes attached to the first. Such twisting of the zygo¬ 
tene chromosomes has been observed in several animals and 
plants, and while some observers maintain that they be¬ 
come untwisted as they shorten to form the heterotype 
“gemini,” others (notably Janssens, who worked with 
Amphibia) describe a process exactly corresponding with 
what Morgan’s hypothesis demands (cf. Text-fig. 13, 
p. 90). It is unfortunate, however, that hitherto nothing 
of the sort has been discovered in Drosophila itself, perhaps 
in consequence of its unsuitability for cytological study. 

Morgan thus assumes, firstly that when chromosome A 
pairs longitudinally in synapsis with its homologue a , they 
become twisted round or across each other, and that instead 
of separating completely, a part of A remains attached to a 
and an exactly corresponding part of a takes its place in A. 
Secondly, he assumes that the factors for the coupled 
characters are arranged in a definite order along the chromo¬ 
somes like beads on a string; these factors in chromosome A 
may be lettered M, N, 0 ... and in its homologue a the 


• which the above imaginary example is based, the average ratio of crossing-over 
between factors A and B was i per cent., between B and C 29*7 per cent, and 
between C and D 3 per cent. The percentage of crossing-over between A and 
C was found to be 3a’*, between B and D 33*7, and between A and D 35-5. 

15 
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factors will be m, n, o.... Then if the part of A which 
contains the factor M exchanges places with the part of a 







Fig. 28. Diagrams illustrating the hypothesis of M crossing-over M of 
characters borne by chromosomes, from Morgan. 

d. Simple crossing-over; b and c represent the chromosome as made up 
of a series of microsomes each of which is supposed to bear one 
character. 

r—g. Illustrating double crossing-over. 

In consequence of the double cross-over, the character M is transferred 
to the lower chromosome while W and Mr remain in the upper. 
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which contains m, the chromosomes on the spindles of the 
maturation divisions will contain factors m, N, 0 ... and 
M, n, 0...; that is to say, M and m will have crossed over 
from their normal couplings, and will no longer be trans¬ 
mitted with the characters with which they were associated 
in the parents. Furthermore, if the factors M, N, O, P... 
are arranged along the chromosome in this order, and if 
the break in the chromosome occurs with equal frequency 
at any point, it will evidently occur more often between 
the widely separated factors M and P than between con¬ 
tiguous factors such as M and N or 0 and P, and if it 
occurs in x per cent, of cases between M and N, and y per 
cent, between N and 0 , it will occur in x+ y per cent, be¬ 
tween M and 0 . That is to say, the frequency with which 
the break occurs between any two factors is proportional 
to their distance apart in the chromosome 1 . In all these 
respects the hypothesis corresponds closely with the facts. 
Again, if the chromosomes are sufficiently long, or if the 
twisting in synapsis is tight enough, it may be expected that 
more than one break may take place, which will result in 
an intermediate portion of chromosome A being transferred 
to a (and of a to A), while the portions at each end of it 
remain in their original association (cf. Text-fig. 28). Such 
“double crossing-over” actually occurs in experiment; if an 
individual bearing the factors M, N, 0 , P is mated with one 
bearing m, n, 0, p, it is found that a small proportion of the 
gametes of the heterozygote have such combinations as 
M,n,o,P and m,N, 0 , p, suggesting that there have been two 
breaks, one between M and N and one between 0 and P, 
with the result that the intermediate portion of the chromo¬ 
some, containing factors N and 0 , has exchanged places 

1 J. B. S. Haldane {Jtum. of Gate tics, nu. 1919, p. *99) «how» that thi$ 
2s only approximately true. 
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with that containing n and o. And lastly, if a break occurs 
between M and N, it is unlikely that another will take place 
between the contiguous factors N and 0 , and correspondingly 
Morgan and his associates give evidence of “interference” 
in crossing-over between two factors, in gametes in which 
crossing-over has taken place between two factors placed 
near them in the series. 

One considerable objection to this hypothesis must be 
mentioned here, though further reference will be made to it 
later. Crossing-over in Drosophila occurs only in the female; 
in the male characters that are normally coupled always 
show absolute coupling. In the Silk-worm, on the contrary, 
Tanaka has shown that there are several pairs of coupled 
characters, and that, while crossing-over takes place be¬ 
tween them in the male, in the female the coupling is abso¬ 
lute. Although no cytological explanation of these facts is 
as yet definitely known, there are indications in Drosophila 
of differences between the prophases of the male and female 
maturation stages which may account for them. A de¬ 
scription of these will be given below (p. 235). 

'Apart from the fact that the theory of Morgan and his 
colleagues with regard to the mechanism of coupling or 
linkage and of crossing-over cannot be regarded as fully 
established until the difference in behaviour in this respect 
of the two sexes has been explained, the theory has also 
been criticised on other grounds. The most serious of these 
is that the facts are insufficient, as they are known at pre¬ 
sent, to provide an adequate basis for the hypothesis. There 
are undoubtedly a number of irregularities which involve 
secondary assumptions for their explanation; the ratios ob¬ 
tained in breeding experiments are often unconformable, re¬ 
quiring the assumption of differential mortality, of “lethal” 
factors, of factors modifying the intensity of coupling, and 
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so forth. The evidence for some of these subsidiary hypo¬ 
theses is strong, for others less satisfactory, but it remains 
true that no other hypothesis that has been suggested fits 
the main groups of facts in at all the same degree as that of 
Morgan and his school, and it must be concluded that the 
“chiasmatype” hypothesis, as Morgan prefers to call it, 
adopting the term from Janssens, is the only one which 
seems at all nearly to approach the truth. 

Before leaving this section of the subject it should be 
noted that in Drosophila all the known Mendelian characters 
fall into one or other of the four groups of coupled characters, 
while in all other species hitherto investigated many or all 
of the characters show independent inheritance. This may be 
due to the small number (four) of the haploid chromosomes 
in Drosophila, but another possible explanation is that in 
Drosophila the chromosomes are perhaps only slightly 
twisted, so that only one or two breaks occur in each pair. 
If, however, they were more tightly twisted, so that a con¬ 
siderable but varying number of breaks and recombinations 
took place, it would be an even chance whether two factors 
not very near together in the chromosome remained together 
or became separated, and independent inheritance would 
result. In such a case coupling would only exist between 
factors that were arranged quite near one another in the 
•chromosome. 

The last and perhaps most important evidence in favour 
of the theory that the factors for inherited characters are 
borne by chromosomes is derived from the behaviour of the 
sex-chromosomes already described in Chapter XI. Here 
again, some of the most important work has been done in 
Prof. Morgan’s laboratory, and although this aspect of the 
matter is not very intimately related to the chiasmatype 
hypothesis, the two are nevertheless closely connected. It 
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will be remembered from the account of the cytological 
basis of sex-determination that in a number of insects, 
including the Diptera, as well as in other forms, the male 
has either an unpaired X-chromosome or an unequal X-T 
pair, while the female has two similar X-chromosomes, with 
the result that two kinds of spermatozoa are produced, one 
containing X and onewithout it, while all eggs are X-bearing. 
From this it follows that individuals produced from eggs 
fertilised by an X-bearing spermatozoon contain two X- 
chromosomes in their nuclei, and become females, while 
those derived from eggs fertilised by a spermatozoon 
lacking X contain only one X-chromosome, and are males. 
On the other hand, in two species of Lepidoptera it has been 
found that all the spermatozoa are alike, while there are 
two kinds of eggs, one containing and the other lacking a 
chromosome present in the spermatozoa, and in this case 
it seems that the presence of this chromosome in the egg 
before fertilisation leads to the production of a male. If, 
therefore, the hypothesis is correct that inherited, or at least 
Mendelian, characters are determined by factors borne by 
the chromosomes, it is to be expected that in those animals, 
such as Diptera and Mammals, in which some spermatozoa 
contain and others lack an X-chromosome, the factors 
for any characters borne by the X-chromosome will be 
transmitted by males only to their female offspring, while 
females will transmit them equally to their offspring of 
both sexes. And conversely in the Lepidoptera, in which 
the female-determining eggs are without one chromosome, 
the female should transmit any characters borne by this 
chromosome only to their sons, while males should transmit 
them to both sexes. Inheritance of the kind described does 
exist, known as sex-limited or sex-linked transmission, and in 
Drosophila among the Diptera, and in Man and the Cat 
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among Mammals, it is of the kind in which the male trans¬ 
mits certain features only to his daughters, while in Lepido- 
ptera and Birds the converse condition exists in which the 
female transmits characters only to her sons. In each case, 
therefore, the sex in which one chromosome is either un¬ 
paired, or has a dissimilar mate, transmits certain characters 
only to the opposite sex, exactly as the odd chromosome 
is transmitted to offspring of the other sex. In Drosophila, 
for example, a red-eyed, normal-winged male mated to a 
white-eyed, rudimentary-winged female has red-eyed nor¬ 
mal-winged daughters and white-eyed, rudimentary-winged 
sons. The transmission of these two characters thus corre¬ 
sponds with the fact that the male transmits the X-chromo- 
some only to his daughters. In the converse cross of red¬ 
eyed, normal female by white, rudimentary male, all the 
offspring of both sexes are red-eyed and normal-winged, 
since the female transmits an X-chromosome, which by 
hypothesis bears these characters, to her offspring of both 
sexes. Similarly in Man, the male transmits the factor for 
normal vision as contrasted with colour-blindness only to 
his daughters, and in the Cat the male transmits the orange 
colour in the same way, and it has been found that in several 
Mammals, including Man and the Cat 1 , an impaired X- 
chromosome exists in the male and is therefore transmitted 
by him only to his female offspring. 

In the Moth Abraxas, on the other hand, the conditions 
are reversed. A female of the type form mated with a 
lacticolor male has sons of the type form and lacticolor 
daughters, so that in this species the female transmits the 
type character only to her sons, while in the converse cross 
the male transmits the same character to both sons and 
daughters. And correspondingly in some races of this moth 

1 von Winiwarter, 191a, 1914. 
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there is an unpaired chromosome in the female, with the 
result that in the maturation of the eggs it is left in the egg- 
nucleus of about half the eggs, and goes into the polar body 
in the other half. If this odd chromosome is a sex-deter¬ 
miner, its behaviour corresponds with the transmission of 
the type as contrasted with the lacticolor character. It 
should be mentioned, however, that there are peculiarities 
in regard to this chromosome which have hitherto received 
no satisfactory explanation 1 . 

This correspondence between the transmission of charac¬ 
ters showing sex-limited (sex-linked) inheritance and of the 
sex-chromosome is so exact that it is hardly possible to 
doubt the existence of a causal relation between them, but 
the evidence has been still further strengthened by the work 
of Bridges in Morgan’s laboratory. In most species in 
which sex-limited inheritance is known occasional exceptions 
occur, in which the male transmits a sex-linked character 
to a son, or (in Lepidoptera and Birds) in which a female 
transmits it to a daughter. Such exceptions have repeatedly 
occurred in experiments with Drosophila, and Bridges first 
suggested that they might be due to “non-disjunction” 
of the sex-chromosomes, and then by cytological investiga¬ 
tion showed that his hypothesis was correct. He suggested, 
for example, that if a red-eyed male, mated to a white-eyed 
female, produced a red-eyed son or a white-eyed daughter, 
this might be due to abnormal behaviour of the sex-chro¬ 
mosomes in the polar divisions of the egg, by which the two 
X-chromosomes after pairing failed to separate, and either 
both remain in the mature egg or are both extruded with 
the polar bodies. If both X-chromosomes (bearing the white- 
eye factor) remain in the egg and the egg is fertilised by 
-a ^-bearing spermatozoon, the resulting zygote, of consti- 
1 Doncaster, 1914, 1915$. Cf. note, p. 171. 
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tution XXY, will be a female, since two X-chromosomes 
are present, but will be white-eyed because no red-bearing 
X-chromosome has been introduced from the male parent. 
And if both X-chromosomes are extruded, and the egg is 
fertilised by an X-bearing spermatozoon, the zygote, of 
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Fig. 29. Chromosome groups of Drosophila ampelcphila (from original 
drawings by C. B. Bridges). 

4. Normal oogonial group; the two lowest chromosomes are 4 X * 
c. Normal spermatogonial groups. The bent chromosome (left bottom) 
is l Y y the straighter rod on the right of it, *X / 

Some of the chromosomes are beginning to split longitudinally. 

In b 44 the extra granule is probably of no significance ” (Bridges). 

e y f, Oogonial groups of XXY females. 
g. Oogonial group of an XXYY female. 

constitution X—, will be male, but will be red-eyed because 
the single X-chromosome is derived from the red-eyed 
father. Such “primary non-disjunction” of the sex-chro¬ 
mosomes is very rare, but when it has once happened it leads 
to the production of females of the constitution XXY, and 



234 HEREDITARY TRANSMISSION [ch. 

these will continue to produce sons and daughters that are 
exceptions to the normal rule of sex-limited transmission. 
For a female of constitution XXT will produce four kinds 
of mature eggs, bearing XT, X, XX, and T, and of these the 
XX and T eggs will produce exceptions to the rule of sex- 
limited inheritance. Bridges has shown that XXT females 
exist, and that in the strain in which they occur all the 
kinds of exceptions that are to be expected theoretically are 
actually found. Thus, as Morgan writes, “a result that 
seemed in contradiction with the chromosome hypothesis 
has turned out to give a brilliant confirmation of that theory 
both genetically and cytologically.” It is possible, though 
not yet fully proved, that other exceptions to the rule of 
sex-limited transmission are also due to non-disjunction of 
the sex-chromosomes either in the egg or in the spermato¬ 
cytes. 

Before leaving the subject of the relation between sex- 
limited transmission and the behaviour of the sex-chromo¬ 
somes, a short reference should be made again to the fact 
that in the male of Drosophila and in the female Silk-worm 
no crossing-over takes place between coupled characters, 
although it occurs regularly between these characters in the 
opposite sexes. If this were true only of characters that 
show sex-limited transmission, the fact would be easily ex¬ 
plicable on the assumption that no crossing-over could take 
place between unequally paired sex-chromosomes such as 
exist in the male of Drosophila and probably (by inference) 
in the female Silk-worm. But the absence of crossing-over 
in the sex that shows sex-limited transmission is equally 
conspicuous in characters that are not in any way sex- 
limited, and it must be concluded that the existence of an 
unpaired or unequally paired sex-chromosome in some way 
inhibits the crossing-over of coupled characters in all the 



xiv] LINKAGE IN MALE AND FEMALE 235 

chromosomes. The more fundamental reasons for this differ¬ 
ence between the sexes is still quite obscure, but indications 
of the immediate cause of it are given by the observations 
of C. W. Metz on Drosophila. 

He writes 1 “In the female the critical stages of matura¬ 
tion appear to be of the conventional type. That is, long, 
delicate paired threads are evident early in the growth 
period. These are polarised [i.e. contracted to one side of the 
nucleus in synizesis] and apparently conform to the usual 
diplotene threads.... 

“In the male' the process seems to be very different 
throughout. The chromosomes apparently remain in a 
fairly condensed state during the whole growth period, 
without transforming into delicate polarised threads or 
loops as they do in the female... .This would indicate that 
there is no opportunity for crossing over in the male.” 

In confirmation of the fact that this difference in the 
nuclear behaviour of the two Sexes in Drosophila is the cause 
of the difference in respect of crossing-over, it should be 
mentioned that Plough (1917) finds that by subjecting 
female pupae to different temperatures the amount of 
crossing-over can be modified, and his experiments indicate 
that crossing-over must take place in the early stages of 
the oocytes—those stages, in fact, in which Metz reports 
differences in nuclear behaviour in the two sexes. 

Finally, a short space must be devoted to the hypotheses 
or suggestions that have been made with regard to mode of 
action of the chromosomes in determ ining sex and in trans¬ 
mitting the factors for Mendelian characters. It has been 
seen that in most Insects and in animals of a number 
of other groups the male has one X-chromosome, either 

1 Quotation from a letter which the writer kindly gives permission to 
publish. 
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unpaired or accompanied by a dissimilar mate (F), while the 
female has two similar X-chromosomes. On the other hand, 
in Lepidoptera (certainly in two cases) and in Birds (by 
inference from the nature of their sex-limited transmission) 
the male has two similar sex-chromosomes and the female 
one or a dissimilar pair 1 . Two chief hypotheses have been 
suggested to explain their manner of action. One was that 
in the former group the two X-chromosomes of the female 
bore respectively the factors for maleness and femaleness, 
femaleness being dominant, and the single X-chromosome 
of the male bore only maleness. There w&uld thus be two 
hinds-of eggs, which may be called M and F, and two kinds 
of spermatozoa, M and 0 (0 representing the absence of an 
X-chromosome). If then there is selective fertilisation of 
such a kind that F-bearing eggs are only fertilised by M- 
bearing spermatozoa, and M -bearing eggs only by O- 
bearing spermatozoa, two kinds of zygotes, FM andMO,will 
be produced, and these will beifcome females and males of the 
same constitution as their parents. In the Lepidoptera and 
Birds maleness instead of femaleness must be supposed to 
be dominant, and the male would have the constitution 
MF, the female FO; F-bearing eggs would then be fertilised 
by M -bearing spermatozoa, and 0 -bearing eggs by F-bear- 
ing spermatozoa. The great objection to this hypothesis is 
that it involves the assumption of selective fertilisation, for 
which there is practically no evidence, and it is now gene¬ 
rally abandoned in favour of a somewhat simpler concep¬ 
tion—that there are not two factors, for maleness and 
femaleness, but that the sex depends on the presence of a 

1 Guyer maintains that in the Fowl there is an unpaired chromosome in 
the male. In view of the great difficulty in observing the chromosomes 
accurately in the spermatogenesis of birds, I venture to doubt the correctness 
of his statement, which has not been confirmed. 
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greater or less amount of a sex-determining substance borne 
by the sex-chromosomes. In the groups in which the female 
has the constitution XX and the male X- or XT, femaleness 
is supposed to be due to the “double dose” of X-chromatin, 
while in the Lepidoptera and Birds males are produced by 
a double dose of a (presumably) different substance in the 
chromosome that is equally paired in the male and not in the 
female. This idea that sex is due to a quantitative rather 
than a qualitative difference in the chromosome complement 
is not only simpler than the other, but is supported by those 
cases (for example, several moths) in which the crossing of 
two species produces either all males, or males and gynan- 
dromorphs, when the cross is made one way, but both males 
and females in the converse cross. This suggests that the 
spermatozoa of one species introduce so much of the sex¬ 
determining substance that all the eggs, whether they con¬ 
tain a sex-chromosome or not, are partially or completely 
turned into males, while in the converse cross the less potent 
spermatozoa of the second species allow the sex to be deter¬ 
mined by the presence or absence of a sex-chromosome in 
the egg. 

The most important evidence in this direction has been 
furnished byGoLDSCHMiDT 5 s(i9i6) remarkable experiments 
with races of the Moth Lymantria dispar. He concludes that 
a male-determining factor M, of varying potency, is borne 
by a sex-chromosome, and is opposed to a female-deter¬ 
mining factor F borne by the egg-cytoplasm. When there 
are two sex-chromosomes, as there are in the male of Lepido¬ 
ptera, MM overpowers F, and the individual is a male, 
while when there is only one M chromosome, as in the 
female, F overpowers M. Both F and M vary in potency in 
different races, so that by crossing selected races it is possible 
to get individuals in which the potency of F equals that of 
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M, with the result that “ female intersexes ” (combining the 
characters of both sexes) are produced. He further finds 
that the potency of M behaves as a Mendelian character, 
but that the potency of F is transmitted only by the 
female, and remains constant in all descendants in the female 
line. From this he infers that F is a cytoplasmic factor, 
borne by the egg and not by the spermatozoon. 

A very nearly related question is the precise meaning 
to be attached to the statement that “the factors for sex 
or for Mendelian characters are borne by chromosomes.” 
Evidence will be given in the following chapter that the 
cytoplasm is not without influence in the development of 
inherited characters, and this fact has been held to disprove 
the chromosome hypothesis. But a chromosome can ob¬ 
viously act only in its relation with the cytoplasm, and if 
the cytoplasm is altered this relation must evidently change 
with it. When, therefore, it is said that chromosomes bear 
the factors for characters it is implied that these factors 
are in relation with the cytoplasm, and will only produce 
their effects if that relation exists. A simple chemical ana¬ 
logy may make the conception clearer. If in the hydro¬ 
carbon CH 3 H the fourth hydrogen atom is replaced by 
chlorine (CH 3 C1) or by hydroxyl (CH s OH), substances of 
very different properties are produced. A quite parallel 
series is represented by the compounds C 2 H 6 H, CgHgCl, 
CgHgOH, and although the two series of substances are not 
identical, it is perfectly correct to say that the change from 
a hydrocarbon to a chloride or an alcohol is due to the 
substitution of a hydrogen atom by one of chlorine or by 
the hydroxyl radicle. The cytoplasm, in this analogy, is 
represented by the hydrocarbon radicles, CHj—,C 2 H 6 — and 
so forth, and the effects on the general nature of the result¬ 
ing compound of substituting —Cl or —OH for the —H 
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of the hydrocarbon represents the effect produced by sub¬ 
stituting a chromosome “bearing” one factor for a chromo¬ 
some bearing another. Just as the hydrocarbon radicle is 
not negligible, since the compounds CH 3 C 1 and CH s OH 
differ considerably from CgHgCl and CgHgOH, so the cyto¬ 
plasm is not in any sense a negligible factor, but it is never¬ 
theless true to say that the substitution of a hydrogen atom 
by a hydroxyl radicle (—H by —OH) turns a hydrocarbon 
into an alcohol, and in the same way it may be true to say 
that the replacement of one chromosome by another in cyto¬ 
plasm of a generally similar character may be the cause of 
the production of a definite inherited character. If the words 
are used in some such sense as this, the statement that in¬ 
herited characters are due to factors borne by chromosomes, 
whether true or false on other grounds, cannot be refuted by 
the argument that the cytoplasm is not without effect in 
hereditary transmission. 

Quite shortly, the evidence for the transmission of here- 
. ditary characters by chromosomes may be summarised as 
follows: (1) the nucleus must be the chief factor in here¬ 
ditary transmission, since the spermatozoon consists of 
little else, and yet in respect of most characters the male 
and female parents are equivalent. Also experiments with 
non-nucleated fragments of eggs, and with “partial fertilisa¬ 
tion,” indicates that the nucleus plays a predominant part 
in the production of certain characters. 

(2) A definite relation between abnormal chromosome 
numbers and hereditary characters is known in Oenothera ; 
and in the giant tetraploid race of Primula studied by 
Gregory, the peculiar type of Mendelian segregation corre¬ 
sponds with the behaviour of the chromosomes. 

(3) The whole behaviour of the chromosomes in the ma¬ 
turation divisions of the germ-cells provides exactly the 
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mechanism required for the Mendelian segregation of 
characters, and when, as in Federley’s moth-hybrids, the 
normal segregation of chromosomes did not take place, 
there was also no Mendelian segregation. This correspon¬ 
dence of chromosome behaviour with transmission of 
hereditary characters is even more striking in the case of 
the sex-chromosome and characters which show sex-limited 
(sex-linked) transmission, and perhaps the most remarkable 
correspondence of all is that seen in the exceptions to normal 
sex-limited transmission, found by Bridges to be associated 
with “ non-disjunction ” of the sex-chromosomes. 

(4) Finally, the phenomena of gametic coupling or linkage 
of characters have been found, in the work of Morgan and 
others on Drosophila , to correspond closely with the chro¬ 
mosome-condition, for in Drosophila there are four groups 
of linked characters and four pairs of chromosomes, and all 
the phenomena of “crossing-over” can be accounted for 
on a simple hypothesis of chromosome behaviour. 
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The R6le of the Cytoplasm in Development 
and Heredity 

/ f~rr\o some it may seem that the evidence for the pre- 
Jl_ ponderating part played by the chromosomes in the 
transmission of inherited characters is so strong that the 
cytoplasm must of necessity be regarded as taking a sub¬ 
ordinate place, and as constituting the medium in which 
the chromosomes display their activities rather than having 
any independent function. A careful survey of the evidence, 
however, shows that this conclusion is by no means justified^ 
In the first place, the arguments pointing to the primary 
importance of the chromosomes refer almost entirely to the 
transmission of characters which show Mendelian segrega¬ 
tion, and the suggestion has therefore been made that the 
factors for Mendelian characters are situatedin chromosomes, 
while those which do not show Mendelian segregation are 
borne by the cytoplasm. It is said (for example, by Walker) 
that Mendelian characters are varietal, and that racial or 
specific characters, which are supposed by some not to 
“mendelize,” are borne by the cell as a whole rather than 
by particular chromosomes. For such a statement as this 
there is very little real evidence; it is, in fact, by no means 
certain that there is any heredity other than Mendelian, for 
when characters apparently alternative to each other do not 
segregate in the typical way, this may be due to their being 
in reality compound; or in crosses between more distantly 
related forms the absence of segregation may be due to the 
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incompatibility of the parental chromosomes, as in Feder- 
ley’s Pygaeras. The hypothesis must therefore remain little 
more than a speculation until both the genetic and cyto- 
logical facts are better known. Goldschmidt’s idea of a 
female determining factor borne by the cytoplasm in Lepi- 
doptera might be quoted in support of this hypothesis. 

Another a rgument that has been adduced in favour of 
the importance of the cytoplasm, or at least against the 
exclusive r 61 e of the chromosomes, in heredity, is that crosses 
between distantly related forms may give offspring of the 
pure maternal type. A well-known instance of this is pro¬ 
vided by Godlewski’s experimen t o f fertilising the eggs of 
Echinus with sperm of the Crinoid Antedon, by which he got 
pluteus larvae showing no trace of Crinoid characters. He 
also fertilised non-nucleated fragments of Echinus eggs with 
Antedon sperm, and obtained blastulae and a few gastrulae 
of the Echinoid type, though these never developed any 
skeletal structures. Since the Antedon chromosomes were 
not extruded, but apparently behaved normally in the 
segmentation divisions, this experiment has often been used 
as an argument that the chromosomes do not determine 
inherited characters, or at least those characters which dis¬ 
tinguish one Order from another. Similar results have been 
observed (for example by Loeb) in crosses between Sea- 

Z hins and Starfish and by Pinney in Teleostean hybrids. 

was mentioned in Chapter IX, however, it is known that 
die entrance of a spermatozoon may stimulate an egg to de¬ 
velop even though the sperm-nucleus takes no part in the 
cell-divisions, as happens when Sea-urchin eggs are fertilised 
with Mytilus sperm, and there seems to be no sufficient 
reason against regarding these purely maternal “hybrids” 
as something of the same sort. It may be supposed, for 
example, that when forms are crossed in which there is a 
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high degree of incompatibility between the egg-cytoplasm 
and the sperm-nucleus (e.g. Echinoid eggs and Mollusc 
sperm), the sperm-nucleus is unable to resolve itself into 
chromosomes, or, if it does so, that these take no part in 
mitosis. Wl the incompatibility be rather less, the chromo¬ 
somes may be formed to all appearance normally, and 
divide in the usual way on the spindle, but nevertheless they 
may be so alien to the cytoplasm in which they exist, that 
they exert no influence upon it, and the characters of the 
resulting larva are as they would be if the egg developed 
parthenogenetically, that is to say, purely maternal. 

Final ly, if the incompatibility is relatively slight, the 
chromosomes may be able to adapt themselves to their 
strange surroundings, and not only continue to live and 
divide, but also to have some effect on the characters of the 
larvae or adults produced, as happens in generic crosses 
between Sea-urchins. It is impossible at present either to 
prove or to disprove this suggestion, but until it is disproved 
such results as those obtained by Godlewski cannot be used 
as a final argument against the chromosome hypothesis, at 
least with regard to characters that appear later than the 
very early larval stages. The observation that gastrulae 
from non-nucleated Echinoid egg-fragments fertilised by 
Antedon sperm are of the Echinoid rather than of the Cri- 
noid form does of course disprove that all characters, at 
every stage of development, are determined by factors 
borne by chromosomes, but as will be seen immediately, 
there is ample experimental evidence to show that the very 
early stages of development are controlled largely, if not 
completely, by the egg cytoplasm. 

Although, therefore, several of the experiments that are 
often quoted as showing that the cytoplasm is no less im¬ 
portant than the chromosomes in transmitting inherited 

* 16 —2 
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characters do not necessarily prove this conclusion, there are 
a number of observations which indicate that the cytoplasm 
is not a negligible factor. 

In the first place it is clear that the quite early stages of 
development, including cleavage and the appearance of 
embryonic symmetry, are in most animals, perhaps in all, 
determined by the egg, and from their correspondence with 
the egg-structure, almost certainly by its cytoplasm. All 
eggs show a definite polarity, corresponding with the an¬ 
terior and posterior ends of the future larvae, and in several 
groups of animals, such as Insects, the egg also has a bilateral 
structure, which, quite apart from the spermatozoon, deter¬ 
mines the orientation of the larva to which it gives rise. Not 
infrequently, also, the egg contains areas or zones of differ¬ 
ent substances and a study of the development shows that 
these become distributed quite regularly to definite organs 
or tissues, and although the experimental rearrangement of 
these visible substances (as by centrifuging) may show that 
the orientation of parts in the larva depends on the polarity 
of the egg as a whole rather than on the specific substances, 
it seems indubitable that the process of segmentation and 
differentiation of the parts of the embryo in many species 
is conditioned by the egg-cytoplasm and influenced scarcely, 
if at all, by the spermatozoon. It is of course not easy to 
devise an experiment that shall prove this directly, for the 
type of cleavage is in general characteristic of large groups, 
and so it is hardly possible to cross species of different types 
in order to see whether the cleavage of the hybrid is different 
from that of the female parent’s species. 

About the rather later stages of development there has 
been some difference of opinion. It is said by several investi¬ 
gators, for example Driesch, that in Echinoids the number 
and mode of formation of the primary mesenchyme cells- 
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is a purely maternal character, and apparently dependent 
on the egg-cytoplasm, but Boveri maintains that on this 
feature the spermatozoon has at least some effect, the 
number being greater in a hybrid in which the paternal 
species has more than the maternal. 

Another kind of cytoplasmic influence may arise from 
the direct transference to the offspring of structures or sub- 
tances present in the egg-cytoplasm. The eggs of the Sea- 
urchin Arbacia contain much red pigment, and in conse¬ 
quence all hybrid larvae produced from Arbacia eggs are 
pigmented, while those produced from the converse cross 
may be colourless. And in plants the chloroplasts are trans¬ 
mitted only in this way; if the cytoplasm of the egg-cell 
contains chloroplasts these are present and multiply in the 
cells of the embryo, but an egg-cell lacking chloroplasts 
gives rise to offspring that are totally without chlorophyll. 

Apart from these rather special instances of characters 
dependent exclusively on the cytoplasm or its inclusions, 
there is evidence of a more general character that the cyto¬ 
plasm affects development independently of the chromo¬ 
somes, although it may be that in consequence of the inter¬ 
action between chromosomes and cytoplasm, some of these 
effects may have their origin in the chromatin-cytoplasm re¬ 
lation rather than in the cytoplasm itself. In Weismann’s 
hypothesis of the germ-plasm it was supposed that all differ¬ 
entiation of cells or tissues arose from differential cell- 
divisions in which the chromosomes of the two daughter 
nuclei were in some way unlike. But except in the few cases 
of germ-cell differentiation referred to in Chapter XII, there 
is little or no evidence for the existence of such differential 
nuclear divisions. One of the chief characteristics of the 
chromosomes is that they appear to divide in mitosis into 
longitudinal halves which are precisely similar to each other, 
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and this fact alone would suggest that the cytoplasm must 
have an important share in the differentiation of cells and 
tissues from the relatively unmodified protoplasm of the egg. 
There is, however, definite evidence that this is true. 



x. Normal four-cell stage. 2. Normal eight-cell stage; first quartet of 
micromeres above. 3. Embryo with four entomeres each containing a large 
oil drop, and twelve outer cells. 4. Eight-cell stage produced under 
pressure. The dotted lines show the outlines of the micromeres formed 
after release from pressure. 


Wilson (i8q6) in a well-known experiment on the eggs of the 
worm Njreis^ showed that nuclei which under natural cir¬ 
cumstances would have been those of ectoderm cells could 
be made to belong to endoderm cells. If allowed to develop 
normally, the egg of Nereis segments by two cleavages into 











DIFFERENTIAL DIVISION 


four cells, each of which then undergoes a very unequal 
division, giving rise to a small cell almost free from yolk 
and a large yolk-laden cell. Two similar unequal divisions 
of the large cells then follow, producing in all three quartets 
of small cells and four large cells containing yolk (oil-drops). 
The cap of small cells gives rise to the ectoderm; the four 
large cells undergo no further division for some time, and 
are the primary endoderm cells. If, however, the egg before 
segmentation is subjected to pressure between glass plates, 
all the cleavage furrows are vertical and the cells produced 
lie in one plane, so that after three cleavages there are eight 
cells all containing oil-drops. If they are now released from 
pressure, each cell divides unequally into an upper and 
lower portion, giving rise to eight small cells and eight large 
oil-laden cells. The small cells then give origin to the ecto¬ 
derm, and the eight large cells all become endodermal. It is 
evident, therefore, that the nuclear division of the third 
cleavage, which under natural circumstances would have 
separated ectodermal from endodermal cells, under these 
circumstances has not produced any differentiation, for all 
the eight cells become endoderm. In other words, the nuclei 
of four of the eight endoderm cells were naturally destined 
to become those of ectoderm, but actually, under experi¬ 


mental conditiomjj 
it follows *at tl 
conditioned bjfcjl 
division of the q| 
Many experime: 


prSfe part of the endoderm, from which 
iprentiation of the germ-layers is not 
kial nuclear division, but by unequal 


Many experimemWsroiT>een made in order to determine 
the function of the various substances present in different 
parts of the egg of many animals, and from the regularity 
with which these are often distributed to definite organs 
or tissues, it has been concluded that they are specific 
“ organ-forming ” substances. Of the Ascidian Styela, for 
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example, Conklin writes as follows: “There are four or 
five substances in the egg which differ in color, so that 
their distribution to different regions of the egg and to 
different cleavage cells may be easily followed, and even 
photographed, while in the living condition. The peripheral 
layer of protoplasm is yellow and it gathers at the lower 
pole of the egg, where the sperm enters, forming a yellow 
cap. This yellow substance then moves, following the sperm 
nucleus, up to the equator of the egg on the posterior side 
and there forms a yellow crescent extending around the 
posterior side of the egg just below the equator. On the 
anterior side of the egg a gray crescent is formed in a some¬ 
what similar manner and at the lower pole between these 
two crescents is a slate-blue substance, while at the upper 
pole is an area of colorless protoplasm. The yellow crescent 
goes into cleavage cells which become muscle and mesoderm, 
the gray crescent into cells which become nervous system 
and notochord, the slate-blue substance into endoderm cells 
and the colorless substance into ectoderm cells. 

“Thus within a few minutes after the fertilization of the 
egg, and before or immediately after the first cleavage, the 
anterior and posterior, dorsal and ventral, right and left 
poles are clearly distinguishable, and the substances which 
will give rise to ectoderm, er^Sf^afllBoderm, muscles, 
notochord and nervous system are visible in their 

characteristic positions. 

“At the first cleavage of the eggLgj^^Hkhese substances 
is divided into right and feft*KaivS^^Se second cleavage 
cuts off two anterior cells containing the gray crescent from 
two posterior ones containing the yellow crescent. The third 
cleavage separates the colorless protoplasm in the upper 
hemisphere from the slate-blue in the lower. And at every • 
successive cleavage the cytoplasmic substances are segre- 




so 


Plate XXIV 




Development of Dentahum , from Wilson (1904). 

a Egg before development with upper and lower clear zones. 
b Formation of the yolk-lobe at the lower pole 

First segmentation division, the yolk-lobe is not divided 
Normal larva with anterior tuft of cilia and post-trochal cone. 
e. Larva derived from an egg from which the yolk-lobe was cut off. 
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gated and isolated in particular cells, and in this way the 
cytoplasm of the different cells comes to be unlike. When 
once partition walls have been formed between cells the sub¬ 
stances in the different cells are permanently separated so 
that they can no longer commingle 1 .” 

Styela only offers a conspicuous example of a phenomenon 
that is widespread, for organ-forming substances have been 
described in the eggs and embryos of animals of very differ¬ 
ent groups. Sometimes there appears to be no immediate 
connection between the substance and the organ or region 
whose presence it determines. The egg of the Mollusc 
Dentalium, for example, has a broad equatorial band of 
reddish pigment, leaving small white anterior and posterior 
polar areas. In the first cleavage the posterior white area 
is not divided, but becomes a “yolk-lobe” attached to the 
two first cleavage cells (PI. XXIV). If before segmentation 
this white area is cut off, no yolk-lobe is formed, and in the 
resulting larva not only the post-trochal region, but also the 
apical tuft of cilia, is absent, so that it would appear that 
the substance of the yolk-lobe determines the production 
of parts at opposite ends of the larva (Wilson, 1904). 

Such observations as these, if taken by themselves, would 
point to the conclusion that the visible substances of the 
egg are in fact “organ-forming,” that is to say, that they 
are or contain the determinants for the organs with which 
they are associated. But the experiments of Morgan (1909, 
1910), Boveri (1910), and others in centrifuging eggs that 
have visible differentiation into regions show that this 
conclusion is not justifiable in its simple form. Morgan has 
centrifuged the eggs of the Frog, the Sea-urchin Arbacia, the 
Mollusc Cutningia, the Rotifer Hydatina, and other forms, 
and obtains results in general agreement, indicating that 
1 Conklin, 1918, pp, %%% —1*5, 
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“the visible substances of the egg that can be centrifuged 
are not organ-forming” (1910, p. 613). In Arbacia the nor¬ 
mal axis of the egg is marked by a funnel in the outer mem¬ 
brane, and it was found that the stratification produced by 
centrifuging had no constant relation to the original axis. 




Fig 31 Segmentation of centrifuged eggs of the Sea-urchin Arbacia, 
from Morgan (1909) 

1 Centrifuged egg before segmentation ; the attachment funnel on the left 
marks the original axis of the egg 2, 3 First and second cleavages, 
determined by induced polarity 4, 5, 6 Fourth cleavage; the position 
of the micromeres depends on the original polarity, and not on that 
induced by centrifuging. 


“The first cleavage begins, almost invariably, at the white 
cap where the nucleus lies and cuts through the egg, 
dividing the stratified materials at right angles. The second 
plane is at right angles to the first, lying near the line of 
separation of yolk and clear zone, and die third at right 
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angles to both. The fourth cleavage is a differential cleavage. 
Four micromeres appear at one pole; the cells of the opposite 
hemisphere divide equally. This cleavage is a critical one, 
for the micromeres show in the normal egg where the diges¬ 
tive tract will develop. The micromeres become the mesen¬ 
chyme 1 .” 

In the centrifuged eggs it was determined that the arch- 
enteron develops at the micromere pole, and that the micro¬ 
meres lie opposite to the funnel in the envelope, independ¬ 
ently of the secondarily induced axis. “ In other words, 
while the first three cleavages come in with respect to the 
stratification, the fourth or differential cleavage comes in 
with respect to the original egg-axis.” Normal plutei were 
obtained from such eggs, in some of which the red pigment 
was contained in one region, in others, in other regions. 

Morgan’s experiments on Cumingia and other forms, 
and Boveri’s on Ascaris also lead to the same conclusion, 
that in general the differentiation of parts in the embryo 
is not dependent on the visible substances of the egg, but 
on an invisible polarity that is independent of the substances 
which can be moved or transposed by the centrifuge. 

Conklin (1917) explains this polarity as being due to the 
highly viscid or elastic “spongioplasm” of the egg, “which 
always tends to come back to its normal form if it is stretched 
or distorted, and which probably differs in structure in 
different parts of the egg and in different stages of develop¬ 
ment.” And that the visible substances which distinguish 
the regions of the egg ? especially in Tunicates (e.g. in Styela 
mentioned above), are not in themselves “organ-forming” is 
further indicated by the work of Duesberg and of Hirsch- 
ler, quoted by Gatenby (1919 b) and of Gatenby himself, 
for these investigators find that the various regions of the 
1 Morgan, 190s, p. 157. 
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egg owe their distinctive colours to the presence of mito¬ 
chondria, Golgi elements and a certain amount of yolk in 
the different regions. It seems much more probable that 
these formative substances are present in regions which in 
normal development will give rise to parts where they are 
needed, than that their presence in itself in those parts 
should be the cause of specific differentiation. 

Further support for this idea of polarity independent of 
visible substances may be derived from Driesch’s famous 
experiments on Sea-urchin embryos. He finds that if, before 
any great differentiation has taken place, the embryo is 
divided in any plane, the fragments, if large enough, will 
produce complete larvae. From this it follows that a cell 
which in natural conditions would have formed part of one 
organ, in the divided embryo becomes part of another. The 
fate of a cell thus depends not only on its own inherent 
properties, but also on its position with respect to other 
surrounding cells, and this seems to involve the conclusion 
that the larva as a whole has some sort of polarity which 
to some extent at least is independent of the character of 
the separate cells of which it is composed, and therefore 
independent of any factors which may be borne specifically 
by their nuclei. 

/ Fromfacts of the kind just mentioned , Drj esch has drawn 
the co nclusio n that living organisms differ fundamentally 
from all non-living matter in their activities, for while all 
changes in non-living matter are mechanical, that is, depen¬ 
dent solely on chemical and physical forces, he considers 
that it is impossible for any mechanism to bring about the 
results observed in living beings. A Sea-urchin embryo can 
be divided in its early stages in any direction, and the parts, 
if large enough, will produce complete larvae, and Driesch 
maintains that no conceivable mechanism can be so divided 
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and remain complete after division. It seems evident that 
only by some inherent polarity existing in all the parts of 
the embryo can such a result be achieved, but whether such 
polarity is or is not conceivable on a purely physico-chemi¬ 
cal basis is a question too large to be discussed here. It 
should be noted, however, that experiments on Echinoid 
embryos and other forms showing analogous phenomena 
provide only one of several arguments brought forward by 
Driesch in support of his belief in an extra-physical (non¬ 
material) factor in the development and behaviour of living 
beings, although if this particular argument should be shown 
to be non-valid, the others would be greatly weakened if not 
completely destroyed. 

Although in Echinoderm embryos, and in those of several 
other forms, the parts are equipotential during the first 
cleavages—that is, each can, under experimental conditions, 
give rise to any part of the larva—this is not true of the eggs 
or early embryos of many other forms. In such Molluscs as 
Dentalium the removal of part of the egg before segmenta¬ 
tion causes the larva to be defective, and in Ctenophores, if 
the first two blastomeres are separated, each produces only 
a half-larva. Facts of this kind have been used to show that 
Driesch is mistaken, but, as he shows quite clearly, this 
objection is not valid. In any embryo, whether the parts 
in the early stages are equipotential or not, a stage comes 
sooner or later in which differentiation has gone so far that 
any cell or group of cells is only able to produce certain 
parts and not others; in Echinoderms, for example, when 
the cells that will naturally form endoderm are sufficiently 
differentiated, their removal results in the production of a 
larva lacking the archenteron. And such eggs as those of 
Molluscs or Ctenophores, in which each blastomere will 
only produce those parts which naturally arise from it. 
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differ from Echinoid eggs, not in the fact that in one the 
parts are definitely determined while in the other they are 
more or less indeterminate, but that in the one determina¬ 
tion appears early and in the other later. At some stage 
in every egg, so far as is known, the parts are equipotential, 
and from such a homogeneous egg heterogeneity arises 
sooner or later. Fundamentally, it is on this production 
of heterogeneity from the homogeneous apart from external 
influence thatDniESCH bases his belief in the inadequacy of 
physico-chemical forces to explain development. 
s^/the general conclusion to be reached with regard to the 
> function of the cytoplasm in development and inheritance 
is that it cannot be relegated to the position of a mere 
medium in which the chromosomes carry on their activities, 
but that it plays an essential part in the process. By the 
nature of the case it is not possible to ascribe to it definite 
functions in the same way that it may be assumed, with 
something like probability, that the chromosomes are re¬ 
sponsible for the segregation of Mendelian characters in 
inheritance. ^The chromosomes are definite entities, possibly 
—even probably—retaining their individuality from one cell 
generation to the next, while the cytoplasm is a complex in 
which, at present, it has not been possible as a rule to observe 
the different parts separately and continuously. But the 
chromosomes and cytoplasm together are parts of a con¬ 
tinuous whole; it is no more possible to regard the chromo¬ 
somes as acting independently than to think of the brain 
functioning apart from the body/and perhaps the crude 
chemical analogy of the parallel series CHgH, CHgCl, 
CH3OH and CgHgH, GjHgCl, C^HgOH, given in the pre¬ 
ceding chapter, expresses die idea of the relation as well as 
any single metaphor that can be devised. But this analogy 
fails in one important respect, for it can hardly be doubted 
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that in the interaction that takes place between nucleus and 
cytoplasm, each side is more or less modified by the other .' 
If chromosomes of Strongylocentrotus are introduced into 
Sphaerechinus cytoplasm by fertilising Sphaerechinus eggs 
by Strongylocentrotus sperm, it can hardly be doubted that 
the cytoplasm of the larva is modified by the paternal 
chromosomes, and it is possible, though less easily demon¬ 
strable, that the chromosomes of paternal origin also undergo 
changes, and that if such a hybrid could be crossed back 
with pure Strongylocentrotus, no larvaewith quite unmodified 
Strongylocentrotus characters would be produced. Such an 
experiment is probably impossible to perform, for in cases 
in which the forms crossed differ in only one or few charac¬ 
ters, their general constitution is so alike that no modifica¬ 
tion of the chromosomes by the cytoplasm is likely to 
appear. When, however, the forms crossed are sufficiently 
unlike to make such modification probable, even if the 
hybrids were fertile the segregating characters would be so 
numerous that complete analysis of them would be impos¬ 
sible. But if it be true that the factors for Mendelian 
characters are borne by chromosomes, these factors can only 
cause the characters to appear by producing modifications 
in the cytoplasm, and if the chromosomes modify the cyto¬ 
plasm, it seems natural to assume that the* relation is a 
reciprocal one, and that the cytoplasm may be not without 
effect on the chromosomes. That the effect may be rela¬ 
tively small is indicated by the persistence of chromosomes 
of the paternal type through the whole life-history of certain 
hybrids (for example the moths Biston birtarius and Nyssia 
zonaria referred to in Chapter VI), but because the modifi¬ 
cation is not large or conspicuous it is not necessarily non¬ 
existent. A wide field for research remains open in the inves¬ 
tigation of the means and results of this interaction between 
the nuclear and cytoplasmic constituents of the cell 
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Conclusion 

I n most of the preceding chapters some sort of summary 
has been given of the main results that have been arrived 
at in the branches of the subject with which they deal, and 
the purpose of this final chapter is not to give any general 
summary of results, but rather to look forward and to note 
the various directions in which investigation is progressing 
or is especially needed. 

Cytology, in the sense in which the word is usually under¬ 
stood, has in the past been very largely a morphological 
and descriptive science; its aim has been to observe the 
structure of cells, to determine the parts of which they are 
composed, and to describe the changes through which they 
pass in the various phases of rest and of division. But as 
in other branches of biology, the study of morphology 
inevitably leads on to that of function. Anatomy is a neces¬ 
sary precursor of physiology, if the conclusions of physiology 
are to be more than superficial, but anatomy alone is an 
unsatisfying study if the functions of the organs remain 
unknown. And even more than the grosser anatomy of 
animals, cytology forces on its students the continual de¬ 
mand for explanation either in terms of function or by 
means of the still more fundamental laws of physics and 
chemistry. For, at least since the general acceptance of the 
principle of evolution, comparative anatomists have at times 
been content with purely morphological study, in the belief 
that they could thereby discover the phylogenetic relation¬ 
ships of different animal groups. But the science of com¬ 
parative cytology is almost non-existent, with the result that 
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without this aspect of the subject to distract them, cytolo- 
gists are continually driven to ask for explanations in terms 
of functional or physical causes. 

Very frequently the attempt to correlate cytological 
phenomena with the functions of the organism as a whole 
has been made in the opposite direction to that indicated 
above; instead of the cytologist looking for elucidation of 
his discoveries in terms of function, the investigator of 
function has turned to cytology for explanation of the facts 
that he observes. But in most of the chief advances that 
have been made, the first- steps have been taken on the 
purely cytological side. This is seen especially in the sub¬ 
jects that have occupied cytologists more than any others 
in the last few years—the material basis of hereditary trans¬ 
mission and of the determination of sex. The foundations 
of modem ideas on the localisation of the factors for inheri¬ 
ted characters was laid by Weismann, and though much 
of the theoretical superstructure built by him on insufficient 
factual evidence has proved unsound, his basal idea of the 
relation between these factors and the chromosomes is 
continually receiving fuller recognition. And Weismann 
was led to his idea of the germ-plasm directly from his work 
on the early origin of the germ-cells, and to his hypothesis 
of the function of the chromosomes from researches of 
cytologists on their behaviour in the maturation divisions. 
Similarly, the idea that the separation of the chromosomes 
in maturation is responsible for the segregation of Mendelian 
characters in the germ-cells of a heterozygote arose from the 
investigations of Wilson, Sutton and others on the sperm¬ 
atogenesis of Orthopterous and Hemipterous Insects, and 
the latest development of this theory—the chiasma type 
hypothesis of Morgan —is based on the purely cytological 
investigations of Janssens. The same thing is true of the 
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hypothesis that sex is determined by specific chromosomes; 
the first suggestion on the subject came from McClung who 
was led to it from the study of the “ accessory chromosome” 
in various insects. In general it is only after cytologists 
have discovered a possible basis for the explanation of some 
general function that a definite search can be made, with 
any prospect of success, for cytological facts that shall 
explain some specific phenomenon, for unless the investiga¬ 
tor has some idea of what to expect, he is hardly likely 
to find his object. When, however, other facts are known 
which make some definite condition seem possible or prob¬ 
able in a specific case, cytological investigation may lead 
to the explanation sought for. Recent examples of this sort 
are the discovery by Bridges of non-disjunction of the sex- 
chromosomes as an explanation of the exceptions to sex- 
limited inheritance in Drosophila, and the finding of an 
unpaired or unequally paired chromosome in the females 
of certain Lepidoptera. In each of these cases the facts 
of heredity seemed to demand a definite cytological con¬ 
dition, and when examination was made the expected 
condition was found. 

The study of heredity and sex-determination has had so 
large a share of recent biological research that it is not 
surprising that the attention of cytologists should have been 
especially attracted to this aspect of the subject, and this 
tendency has been accentuated by the comparative ease 
with which chromosomes are observed and the beauty of 
the mitotic process. There are, however, other directions 
in which research is no less needed. One of the most im¬ 
portant is that of cell-differentiation. As was pointed out 
in the last chapter, the problem of differentiation is one of 
the fundamental problems of life; on the answer to the 
question of how differentiation is effected depends, to a great 
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extent, the choice between a vitalistic and a mechanistic 
theory of life as a whole. The solution of this great problem 
is probably very distant, but clearly one of the conditions 
of approaching it is to discover the actual steps by which 
differentiation is accomplished. The answer to the question 
“In what manner?” does not necessarily give that of the 
question, “By what cause? ”; it may be possible to describe 
every step in the process and yet to be ignorant of whether 
the causes at work are purely mechanical or not. But at the 
present time very little indeed is known of the simple stages 
of differentiation. Sometimes, as in the cleavage of Styela, 
some steps in the process can be seen, but even in such 
cases as this it is possible that the apparent clearness with 
which the changes can be watched is really misleading, and 
merely hides the more fundamental factors that lie behind. 
And in many cases in which a cell divides unequally it is 
possible to say no more than that a differential division has 
taken place; the nature of the unlikeness between the two 
cells is entirely beyond our present powers of analysis. 

The study of differentiation leads the cytologist to the 
borderland between his territory and that of the experi¬ 
mental embryologist, and another subject that has attracted 
much attention in recent years may perhaps be regarded 
as carrying him across the frontier. This is the problem of 
the stimuli that lead to cell-division, and to the initiation 
of development in an egg. For a full elucidation of such 
questions the methods of the experimental embryologist 
are doubtless needed, but the subject is essentially one of 
cytology, and the chief hope for advance lies in the co-opera¬ 
tion or combination of the two lines of investigation. In this 
respect science is like the boring of a tunnel; the workmen 
start far apart, and those at one end have no immediate 
knowledge of what those at the other end are doing, but 
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success is only achieved, and a great human advance made, 
when they meet and discover that their work has all along 
been one. And when cytology becomes experimental, it 
will come into contact immediately, not only with other 
branches of Biology, but with the still more general facts 
and laws of Chemistry and Physics. Cytology touches at 
every point the fundamental problems of the chemical and 
physical basis of life, and whether the mechanistic or the 
vitalistic theory be the true one, it is equally important to 
discover the chemical and physical relations of living matter. 
Whether the living differs from the inorganic only in its 
greater complexity, or whether life is something unique 
and inexplicable in terms of matter and energy, it remains 
true that living things are composed of matter and obey 
the laws of energy, and in every branch of cytology the 
student is brought up against these laws for an explanation 
of the phenomena he observes. A conspicuous example of 
this is given by the various hypotheses of cell and nuclear 
division; osmosis,surface-tension, electricity, and a hypothe¬ 
tical form of energy named provisionally “mitokinetism” 
have all been invoked to account for the facts, and only a 
fuller knowledge of the action of physico-chemical forces in 
living matter can provide the answer to the riddle. Again, 
in the phenomena of fertilisation and parthenogenesis, some 
observers explain the facts in terms of chemistry, supposing 
that the spermatozoon or the parthenogenetic agent intro¬ 
duces substances into the egg, while others point to a 
physical explanation, and ascribe the changes to an altera¬ 
tion of the electrical conductivity of the egg-surface. Even 
in the most elementary practice of cytology, in the fixation 
of cells for microscopic examination, it is only by some 
knowledge of the physics and chemistry of colloids that we 
can decide with confidence whether we are observing natural 
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objects or artefacts; in general the technique is largely 
empirical, and could possibly be improved if this side of 
the subject were better known. Such examples could be 
multiplied indefinitely, and all indicate that the purely 
descriptive cytology of the past must give place to a more 
experimental science in the future, and that from the union 
of the two methods of work will be born the fuller know¬ 
ledge for which we hope. 

Lastly, further investigation is desirable in a direction 
quite different from the lines suggested above, and in a 
branch of cytology that has been scarcely mentioned in the 
preceding pages. At the present time the science of Com¬ 
parative Cytology can hardly be said to exist, and yet, when 
the great results are borne in mind that have been obtained 
from the study of comparative anatomy of animals and 
plants, it can hardly be doubted that there is an important 
future for the comparative study of the cellular phenomena 
in the different groups. Perhaps the chief reason for the 
meagreness of our present knowledge is the remarkable 
uniformity of cytological behaviour not only in all groups 
of animals but also in many plants. If the Protozoa are 
excluded, the general structure of cells at rest and in division 
is extraordinarily similar in all groups of animals from the 
lowest to the highest, and differs only in minor points in 
the majority of plants. Even in the Protozoa essentially 
similar phenomena are found, though in their types of 
mitotic division, in the reconstitution of nuclei from chro- 
midia, and in the great complication of the cell-body—if the 
Protozoan body is in fact a cell—they may show rather con¬ 
spicuous deviation from the more usual type. There is, of 
course, immense variety of cytological type in the animal 
kingdom, but comparatively little has been done in the way 
of correlating this variety with the classification based on 
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anatomical characters. A few attempts in this direction 
have been made. Meek, for example, on the basis of mea¬ 
surements of the thickness of chromosomes in the metaphase 
of division, concludes that the chromosomes of the Protozoa 
are typically 0*21 /x in width; that in those of the Coelente- 
rata, Nemertinea and Echinodermata this width is doubled 
(0*42 /x) and that in all the chief higher Phyla (Nemathel- 
minthes, Annelida, Arthropoda, Mollusca and Vertebrata) 
the width of the chromosomes is twice as great again, giving 
an average measurement <?f 0*83 / Meek’s conclusions have 
been criticised on the grounds that measurements of suffi¬ 
cient accuracy are hardly possible with existing methods, 
and that the sizes of the chromosomes vary according to the 
type of cell examined, but whether his results are substan¬ 
tiated or not, they suggest a wide and important field for 
further research. Comparative anatomy provides one of the 
chief foundations for the theory of evolution, and it can 
hardly be doubted that by a comparative study such as 
Meek has made of a few forms and in respect of only certain 
characters, new and valuable information could be obtained 
with regard to the evolution of cell structure. 

The successful prosecution of such investigations might 
lead very far towards a solution of one of the most funda¬ 
mental and mysterious problems of biology, that of the 
nature of the earliest forms of living organisms. It has often 
been assumed that the first forms of life were composed 
of simple protoplasm, comparable with the most undiffer¬ 
entiated cytoplasm of simple embryonic cells. But this is 
a pure assumption; no such organism or undifferentiated 
cell is known, and it may be that in supposing life to have 
first arisen in a form of this kind, speculative biologists have 
been looking in the wrong direction. Present cytologkal 
knowledge gives little support for such a hypothesis, and 
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it may be that a combination of comparative and experi¬ 
mental cytology will lead to a truer conception. In this 
connection reference must be made to Minchin’s Presiden¬ 
tial Address to Section D of the British Association in 1915, 
written very shortly before his death. It is impossible in a 
short space to give an adequate account of this most sugges¬ 
tive and illuminating paper, but its central idea may be 
shortly summarised. Minchin points to the facts that the 
nucleus, or, in some Protozoa, the chromatin granules 
(chromidia) which represent it, is essential to the life of the 
cell; that in the nucleus the chromosomes or other chroma¬ 
tin particles seem to be the essential portion; and that the 
chromatin particles are the only constituents of the cell that 
are not only universally present, but also seem to have a 
continuous existence and individuality through all cell- 
generations. These facts suggest that the most primitive 
living organisms were composed, not of a homogeneous sub¬ 
stance resembling cytoplasm, but of chromatin or something 
nearly allied to it. They were possibly very minute, even 
ultramicroscopic, and their nearest living relatives may be 
the ultramicroscopic and unfilterable organisms that are 
responsible for such diseases as Measles and Yellow Fever. 
From these primitive chromatinic corpuscles (“biococci”) 
Minchin imagines that evolution may have proceeded on 
two lines. On the one hand they may have developed an 
enveloping membrane and have given origin to the Cocci 
and Bacilli known collectively as Bacteria. On the other 
hand they may have evolved an outer viscous or semi-fluid 
layer of “periplasm,” and from being holophytic in habit 
have taken to ingesting solid food by means of this amoeboid 
covering, within which the biococci could multiply and form 
a group of chromatin granules enclosed in a mass of primi¬ 
tive cytoplasm. From such a condition it is not difficult 



CONCLUSION 


264 


[CH. 


to imagine the evolution of the more primitive forms of 
Protozoan cell, and by the aggregation or multiplication of 
the biococci to suppose that a simple nucleus could arise. 

Evidently, as Minchin says, the cell and nucleus of the 
Metazoa are highly organised structures which must have 
passed through many stages of evolution before they 
reached their present form. To obtain clear indications of 
the more primitive condition the comparative cytologist 
will need to turn to the Protozoa, among which there is 
probably much greater variety of cell and nuclear structure 
than in all the Metazoa taken together. Even in the Proto¬ 
zoa, however, many kinds of differentiation have taken 
place in various directions, and the search for conditions 
that may be regarded as primitive is no easy one. On all 
grounds, however, it seems certain that just as the cytolo¬ 
gist of the future whose interest is centred on function will 
be carried by his studies to the borderland between biology 
and physico-chemistry, so the student of cellular morpho¬ 
logy will be driven to seek for the origins of cell-structure in 
the Protozoa, Protophyta and Bacteria. 

Cytology in the last few years has been in a condition not 
unlike that of Zoology in the third quarter of the nine¬ 
teenth century. After the publication of the Origin of 
Species morphological and systematic Zoology, carried 
away by an illuminating and unifying idea, devoted itself 
to the testing of the evolutionary theory and to seeking 
fresh evidence in its support, and allowed itself to become 
divorced from its natural partner, Physiology. So, since 
the discovery of a possible relation between Mendelian 
segregation and chromosome behaviour, and between spe¬ 
cific chromosomes and sex-determination, descriptive cyto¬ 
logy has been occupied very largely with the investigation 
of these problems, and has allowed the closely allied expert" 
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mental science to pass into other hands. But zoology and 
physiology are essentially one, and each suffers from the 
division, inevitable though it was, that has come between 
them. If cytology is to avoid a similar misfortune, its stu¬ 
dents must keep in view the need for both the descriptive 
and comparative and the experimental methods, and re¬ 
member that the bio-chemist and physicist are studying 
with flask and test-tube the same problems that they them¬ 
selves are attacking with microscope and microtome. 
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